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55 (57) Abstract: This invention provides populations human cells of the caidiomyocytc lineage. The cells arc obtained by causing 
® cultures of pluripotent stem cells to differentiate in vitro, and then harvesting cells with certain phenotypic features. Differentiated 
O cells surface and morphologic markers characteristic of cardiomyocytes, and a proportion of them undergo spontaneous 

periodic contraction. Highly enriched populations of cardiomyocytes and their replicating precursors can be obtained, suitable for 
1^ use in a variety of applications, such as (bug screening and dierapy for cardiac disease. 
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Cells of the Cardiomyocyte Lineage 
Produced from Human Pluripotent Stem Cells 
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TECHNICAL FIELD 

This invention relates generally to the fieW of cell biology of embiyonlc cells and their differentiation. 
More specifically, this invention provides controlled differentiation of human pluripotent stem cells to form 
caidlomyocyles and their precursors, using special culture conditions and selection techniques. 

REFgRENCETO ^TFD APPUCATIONS 

This application claims the prtorlty benefit of U.S. provisional applications 60/305,087. filed July 12, 
2001; and 60«22695. filed September 10. 2001. In the U.S. and other jurisdicUons where permitted, the 
priority documents are hereby Incorporated herein by reference in its entirety, along with IntemaUonal Patent 
Publication WO 01/51616. 

Background 

Heart disease Is one of the most serious health concerns in the western worid. It is estimated that 61 
milRon Americans (neariy 1 in 5 men and women) have one or more types of cardiovascular disease (National 
Health and Nutrition Examination Surrey III. 1988^, Center of Disease Ck)ntrol and the American Heart 
Association). Widespread conditions include coronary heart disease (12.4 million), congenital cardiovascular 
defects (1 mniion), and congestive heart failure (4.7 million). A central challenge for research In regenerative 
25 medicine is to develop ceU compositions that can help reconstitute cardiac function in ttiese conditions. 

Most of the research worit done so far has been performed using stem cells of various kinds 

developed using rodent animal models. 

Maltsev. Wobus et al. (Mechanisms Dev. 44:41. 1993) reported that embryonic stem (ES) cells from 
mice differentiated in vitro via embryo-like aggregates into spontaneously beating cardlomyocytes. Wobus et 
30 aL (Ann. N.Y. Acad. Sd. 27:460. 1995) reported that pluripotent mouse ES cells reproduce cardiomyocyte 
development from uncommitted embryonal cells to specialized cellular phenotypes of Uie myocardium. 
Embryoid bodies were plated, cultured, dissociated, and assayed by immunoBuorescence and 
electrophysiological studies. The cells were reported to express cardiac-specific genes and all major heart- 
specific Ion channels. WobuselaL(J.MoLCellCardloL29:1S25.1997)reportedthatrettnoloacldaccelerates 
35 ES cell-derived cardiac dIfferenUatton and enhances development of ventricular cardiomyooytes. The 
investigation used cell clones transfeoted to express p-galadosidase under control of the MLC-2v promoter. 

Kolossov et al. (J. Cell Biol. 143:2045. 1998) reported isolation of cardiac precursor cells from mouse 
ES cells using a vector containing green fluorescent protein under control of the cardiac a-actin promoter. 
Patch damp and Ca- imaging suggested expression of L-type caldum diannels starting from day 7 of 
40 embrydd body developmenL Narita et al. (Development 122:3755. 1996) reported cardiomyocyte 
differentiation by GATA-4 deficient mouse ES cells. In chimeric mice. QATA-4 defident ceUs were found in 
endocardium, myocardium and epicardium. The auUiore proposed ttwt oUwr GATA proteins might 
compensate for lack of GATA-4. 
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U.S. Patent 6,016.671 (Field) and Wug et al. (J. Clin. Invest 98:216. 1996) reported that genetically 
selected cardiomyocytes from differentiating mouse ES cells fomi stable intracardiac grafts. Cells were 
selected from differentiating murine ES cells using the a-cardlac myosin heavy chain (MHC) promoter driving 
aminoglycoside phosphotransferase or neo^ and selecting using the antibiotic G418, Following transplantation 
5' into the hearts of adult dystrophic mice, labeled cardiomyocytes were reportedly found as long as 7 weeks 
after transplantation. International patent publication WO 00/781 19 (Field et al.) proposes a method for 
increasing proliferative potential of a cardiomyocyte by increasing the level of cyclin D2 activity. 

Doevendans et al. (J. Mol Cell Cardiol. 32:839, 2000) proposed that differentiation of cardiomyocytes 
in floating embryoid bodies is comparable to fetal cardiomyocytes. Rodent stem cell derived cardiomyocytes 
10 were reported to differentiate into ventricular myocytes having sodium, calcium, and potassium cunents. 

Muller et al. (FASEB J. 14:2540, 2000) reported the Isolation of ventricular-tike cardiomyocytes from 
mouse ES cells transfected with green fluorescent protein under control of the ventricular-specific 2.1 kb 
myosin light chain-2v promoter and the CMV enhancer. Electrophysiological studies suggested the presence 
of ventricular phenotypes, but no pacemaker-like cardiomyocytes. Gryschenko et al. (Rlugera Arch. 439:798, 
15 2000) investigated outward cunrents In mouse ES cell derived cardiomyocytes. The predominant repolarizing 
current in eariy-stage ES-derived cardiomyocytes was 4-aminopyridine sensitive transient outward current 
The authore concluded that in eariy stage cardiomyocytes, this transient outward current plays an important 
rele In controlling electrical activity. 

International patent publication WO 92/13066 (Loyola University) reported the construction of rat 
20 myocyte cell tines from fetal material genetically altered with the oncogenes v-nmyG or v-ms, U.S. Patents 
6,099,832 and 6,110.459 (^AIckle et al., Qenzyme) report on the use of various combinations of aduh 
cardiomyocytes, pediatric cardiomyocytes, fibroblasts, smooth musde cells, endothelial cells, or skeletal 
myoblasts to improve cardiac function in a rat model. U.S. Patent 5,919,449 (Diacrin) reports on the use of pig 
cardiomyocytes for treating cardiac Insufficiency in a xenogeneic subject. The cells are obtained frem an 
25 embryonic pig between -20-30 days gestation. 

Makino et al. (J. Clin. Invest 103:697, 1999) and K. Fukuda (Artiffeial Organs 25:1878, 2001) 
developed regenerative cardiomyocytes from mesenchymal stem cells for cardiovascular tissue engineering. 
A cardbmyogenic cell line was developed frem bone marrow stroma, and cultured for more than 4 months. To 
induce cell differentiation, cells were treated with 5-azacytldine for 24 houre, whidi caused 30% of the cells to 
30 fonn myotube-like structures, acquire cardiomyocyte maricers, and begin beating. 

Most established cardiomyocyte lines have been obtained from animal tissue. There are no 
established cardiomyocyte cell lines that are approved for widespread use in human cardiac therapy. 

Liechty et al. (Nature fy^ed. 6:1282, 2000) reported that human mesenchymal stem cells engraft and 
demonstrate site-specific differentiation after in utero transplantation into sheep. Long-term engraftment was 
35 reportedly achieved for as long as 13 months after transplantation, vAxtdh is after Xhe expect development of 
Immunocompetence. International patent publication WO 01/22978 proposes a meUiod for improving cardiac 
function In a patient wiUi heart failure, comprising transplanting autologous bone marrow stroma cells into tiie 
myocardium to grow new muscle fibera. 

International patent publtoation WO 99/4901 5 (Zymogenetics) proposes tiie Isolation of a 
40 nonadherent pluripotent cardiac-derived human stem cell. Heart cells are suspended, centrifuged on a 
density gradient, cultured, and tested for cardiac-specific marttera. Upon proliferation and differentiation, tiie 
claimed cell line produces progeny cells tiiat are fibroblasts, muscle cells, cardiomyocytes, keratinocytes, 
osteoblasts, or chondrocytes. 
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It is unclear whether ar>y of the cell preparations exemplified in these publications can be produced in 
sufficient quanliUes for mass martceling as a therapeutic composilfon for regeneraUng cardiac function. 

A more promising source of regenerative cells for treating ca«liao disease is human pluripotent stem 

cells obtained from embryonic tissue. 

5 Thomson et al. (Proc Natl. Acad. Sci. USA 92:7844. 1995) were the first to successfully cullum 

embryonic stem cells from primates, using rtiesus monkeys and mamK«ets as a model. They subsequently 
derived human embryonic stem (hES) ceil lines from human blastocysts (Science 282:114. 1998). Qearhart 
and coworkers derived human embryonic gem, (hEG) cell lines from fetal gonadal tissue (Shamblotl et al.. 
Proc Natl Acad. Sci. USA 95:13726. 1998). International Patent PubBcatlon WO 00/70021 refers to 

10 differenualed human embryoid cells, and a method for pnxiucing them fmm hES cells, international Patent 
Publication WO 01/53465 outlines the preparation of embryoid body-derived cells from hEG cells. 

Both embryonic stem cells and embryonic gem ceils can proliferate in vitro without differentiating, 
they retain a nomial karyotype, and they retain the capacity to differentiate to produce a variety of aduH cell 
types. However, it is dear that the propagaUon and differentiation of human pluripotent stem cells is subject to 

1 5 very different rules than what has been developed for the culture of rodent stem cells. 

Geron Corporation has developed novel tissue culture environments that allow for continuous 
proliferation of human pluripotent stem cells In an environment essentially free of feeder cells. See Australian 
patent AU 729377, and International Patent PubBcatlon WO 01/51618. Being able to culture stem cells In a 
feeder-free environment provides a system in which oeVular composittons can be readily produced that are in 

20 compliance With the regulatory requirements for human fterapy. 

In order to realize the potential of pluripotent stem cells in the management of human health and 
disease. H is now necessary to devetop new paradigms to drive these cells Into populations of therapeutfcalV 
Important tissue types. 



25 
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Summary 



TWs invention provides a system for effldent producUon of primate calls that have differentiated from 
pluripotent ceils into cells of the cardlomyocyte lineage. 

one embodiment of this invention is a populaUon comprising cells of the cardlomyocyte lineage. The 
cells have partkjular properfles referred to in this dlsctosure. For example, th^ may: 

• be end-stage cardiomyocytes 

. be cardiac precursors capable of proliferation in vitro and capable of dHferenUalion in vilto or in vivo 
Into colls having any of the af orelisted features 
35 . express one or more of the folkwing martfflrs from an endogenous gene: cardiac troponin I (cTnl). 

cardiac troponin T (cTnT). and atrial natriuretic factor (ANF). 

• express three or more of the ottier phenotypfc markers referred to in this disdosure 

• be produced by differentiatton of primate pluripotent stem (pPS) cells 

. have the same genome as an established human embiyonks stem (hES) ceH line 
40 • • express spontaneous periodic contractile activity 

. express other characterisUcs of cardfomyocytes. such as Ion channel or appropriate electrophyslology 
The ceil populations of this invention may be enridied to the point where -5. -20. or -60% of the cells have 
the characteristfcs referred to. If desired, the cells can also be genetfcally altered to extend replicative capadly 



wo 03/006950 



PCT/DS02/22245 



with a telomerase reverse transcriptase, or to express a growth factor, cardiotropic factor, or transcription 
regulatory element. 

Another embodiment of the Invention Is a method for producing such cell populations, comprising 
differentiating pPS cells or their progeny In a suitable growth environment. In an exemplary method, hES cells 

5 are cultured In an environment essentially free of feeder cells, and then caused to differentiate Into 
cardiomyocytes or cardiomyocyte precursors bearing one or more of the features refened to above. In some 
circumstances, the differentiation method may Involve one or more of the following: culturing the pPS cells In 
suspension culture to form embryold bodies or cell aggregates, culturing In a growth environment comprising 
one or more cardiotropic factors, separating spontaneously contracting cells from other cells In the population, 

10 or culturing In a growth environment comprising one or more cardiomyocyte enrichment factors. 

Another embodiment of the invention is a method of screening a compound for an effect on 
cantomyocytes. This Involves combining the compound with the cell population of the invention, and then 
determining any modulatory effect resulting from the compound. This may include examination of the cells for 
toxicity, metabolic change, or an effect on contractile activity. 

15 Another embodiment of the Invention Is a medicament or delivery device containing a ceil population 

of this invention intended for treatment of a human or animal body. The cell population may be formulated as 
a medicament for treating a condition of the heart A further embodiment of the invention is a method of 
reconstituting or supplementing contractile activity In cardiac tissue, comprising contacting the tissue with a 
cell population of this invention. Included is the treatment of a heart condition In an individual. In which the 

20 Individual is administered a cell population of this invention in a suitable fonnulatlon. 

These and other embodiments of the Invention will be apparent from the description that follows. The 
compositions, methods, and techniques described in this disclosure hold considerable promise for use in 
diagnostic, dnig screening, and therapeutic applications. 

25 Drawings 

Figure 1 shows martcer expression detected by immunocytochemlstry for undifferentiated human 
embryonic stem (hES) cells. The cultures were grown according to conventional methods on mouse 
embryonic feeder cells, or in a feeder-free environment comprising extracellular matrices Matrigel® or lamintn 

30 in conditioned medium. hES cells grown in feeder-free culture have phenotypic maricers similar to those of 
hES grown on a feeder layer of primary mouse fibroblasts. 

Figure 2 is a scheme for obtaining caniiomyocytes from pPS cells (Upper Panel), and the kinetics of 
cardiomyocyte fomnation (Lower Panel). Example 2 provides an illustration In which differentiation was 
initiated by culturing hES cells In suspension to form embryoid bodies. After 4 days in suspension culture, 

35 enibryold bodies were transfened to gelatin-coated plates. Spontaneously contracting cells were obsenred in 
various regions of the culture at differentiation day 8, increasing in number over tiie next week until over 60% 
of the cell masses contained contracting cells. 

Figure 3 shows maricers detected In cardiomyocytes differentiated from human embryonic stem 
(hES) cells. The Upper Panel shows results of Western blot analysis for the mariners cardiac troponin I (cTnQ, 

40 GATA-4, and p-act>n. cTnl and GATA^ were obsen^ed in contracting cells, but not in other wells containing no 
contracting cells. The Lower Panel shows tiie kinetics of expression of cardiac myosin heavy chain (aiVDHC) 
during the course of development. Expression of oMHC was prominent by day 8, conesponding to the time 
when contracting cells became abundant In the culture. 

X 
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Figure 4 shows single cells and cell clusters separated and stained for tropomyosin, tilin. myosm 
• heavy chain (MHC). a-actinin. desmin. cardiac troponin I (cTnl). and cardiac troponin T (cTnT). Single cells 
and clusters stained positive for ail these markers. The striations characteristic of the sa«x>meric structures 
can be seen, a feature that is consistent with the ability of the cells to exhibit contractile activity. 
5 Figure 5 shows the effect of pharmacological agents on contractile activily of the hES derived 

cardiomyocytes. The L^ype calcium channel Inhibitor dilliazem inhibited contractile activity In a dose- 
dependent fashion. The adrenoceptor agonists Isoprenallne. phenylephrine, and denbuterol had a 
chronotropic effect. 

Figure 6 shows the ability of the cytosine analog S^^xy^^rtidine to act as a cardlomyocyte 
1 0 differentiation Induction agent EmbryohJ bodies were formed from hES cells In suspension culture for 4 days, 
followed by plating on gelatin^oated plates. S-aza-deoxyK^dine was included in the culture medium during 
days 1-4, 4-6. or 6-8. The agent was most effecMve after differentiaUon of the hES cells was weU underlay. 

Figure 7 illustrates the evaluation of potential cardiotropic faclore for their ability to enhance the 
proportion of cardlomyocyte lineage cells in the population. AcUvlns and certain growth factora wwe 
15 introduced during embryoid body fom«tlon (Group I): other growth factors (Group 11) and s-aza-deoxy-cytidme 
were mtreduced after plaUng onto gelatin; and additional factors (Group III) were added later dunng 
differentiation. The combinations were tested at three concentration levels. Most effective were low 
concentrations of growth factors In combination with S-aza-deoaQHVftHne. 

Figure 8(A) and 8(B) show further refinement of Ihe protocol by adJusUng each group of factors 
20 independently. The a-NflHC mariter characteristic of cardiomyocytes was most abundantly produced when the 
factors in Groups 1 and II were used at low levels and followed by 5-aza-deoxy-cytidlne. Group III factors used 
later during differentiation actually inhibited cardlomyocyte fomation. Expression of the earty cardlomyoeyte- 
associated gene GATA.4 was also improved under these condlUons. The effect on o-MHC and GATA4 was 
selective. In comparison with the endoderm-assoclated gene HNF3b, which Increased using any growth factor 
25 combination, but not with 5-aza-deoxy-cyUdine. 

Figure 9 shows the enrichment achieved by culturing populations containing cardiomyocytes for 1-2 
weelcs in a medium containing creatine, carnitine, and taurine (OCT). Each One represents the beating areas 
seen In a single well followed over the courae of the experiment. The CCT medium enriches the number of 
beating areas in Ihe culture by about 4.fotd. compared with cells cultured in a slandani differentiaUon medium. 
30 Rgure 10 shows the effect of separating a population of cells differentiated from hES ceils on a 

discontinuous Percoli^« gradient Fraction 1. upper interface; It 40.5% layer, lit lower interface; IV. 585% 
layer. As measured by real-time FTT-PCR analysis, expression of the cardlomyocyte martrer a-rayosln heavy 
chain was highest In the higher density fractions. 

3g pip-AII t:n DFSCRIPnON 

This invention provides a system for preparing and characterizing cardlorryocyles and their 

precursore from primate piuripotent stem cells. 

A number of obstacles have stood In Oie way of developing a paradigm for obtaining subslanUally 
40 enriched populations of cardlomyocyte lineage ceils from primate piuripotent stem (pPS) cells. Some ensue 
Irom the relative fragility of piuripotent cells of primate origin, the difficulty m culturing them, and their exquisite 
sensitivity and dependence on various factors present in tt» culture environment Other obstacles ensue from 
the underetanding Uiat cardiac progenitor cells require visceral embryonic endodemi and primitive streakier 
terminal differentiation (Aral et at. Dev. Dynamfes 210:344, 1997). In order to differentiate pPS cells oito 
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cardiac progenitor ceils in vitro, it will be necessary to mimic or substitute for all the events that occur in the 
natural ontogeny of such cells in the developing fetus. 

In spite of these obstacles, it has now been discovered that populations of cells can be obtained from 
pPS cultures that are considerably enriched for cells expressing characteristics of cardiac cells. Rgure 4 

5 shows individual cells stained for tropomyosin, titln, myosin heavy chain (I^HC), a-actinln. demin, cardiac 
troponin 1 (cTnl), and cardiac troponin T (cTnT), and showing striations characteristic of sarcomeric structures. 
The cells undergo spontaneous periodic contraction in tissue culture. Figure 5 shows that the contractile 
activity is fenhlbited by the L-type calcium channel inhibitor diltiazem, and increases In response to 
adrenoceptor agonists isoprenaline and phenylephrine. 

10 It is clear that the pathway for making cardiomyocytes from human pluripotent stem cells differs in a 

number of ways from pathways previously described for making mouse cardiomyocytes. Rrst of all, the 
proliferation of human pPS cells in an undifferentiated state and ready for cardiomyocyte differentiation 
requires a different culture system. Mouse embryonic stem cells can be propagated without differentiation by 
simply including leukemia Inhibitory factor (LIF) in the medium. Yet LIP is insufficient by itself to prevent the 

15 differentiation of human ES cells, which conventionally are propagated on a feeder layer of primary embryonic 
fibroblasts (Thomson et al., supra). Furthenmore, factors that generate cardiomyocytes from mouse stem ceils, 
such as retinolc add (Wobus et al., J. Mol. Cell Cardiol. 29:1625, 1997) and DMSO (l\/kSumey et ai., Nature 
299:165, 1982), are much less effective when used with human stem cells under similar conditions (Example 
6). 

20 This Invention soh^es the problem of making important derivative ceils from human pluripotent stem 

cells by providing a new system that pemnlts highly enriched populations of cardiomyocyte lineage cells to be 
obtained. The system readily lends itself to implementation on a commerdai scale. Procedures that can be 
used to enhance cardiomyocyte production include: 

1. Putting undifferentiated pPS cells through a culture paradigm (either fonning embryoid bodies or by 
25 direct differentiation) that initiates the differentiation process. 

2. Culturing the cells in tfie presence of one or more cardiotropic factors, which are believed to help 
drive the cells into the cardiomyocyte lineage. 

3. Separating cardiomyocytes from other cells by density centrifugation or another suitable separation 
means. 

30 4. 'Culturing cell populattons containing cardiomyocyte lineage cells In the presence of cardiomyocyte 
enrichment agents, which are believed to assist in the preferential outgrowth of the desired cell type. 

Steps such as these and others described in this disclosure can be used alone or in any effective combination. 

As illustrated in Example 9, just a few of these strategies in combination provide novel cell populations 

comprising over 69% cardiomyocyte lineage cells. 
35 The remaricable unifomnlty and functional properties of the cells produced according to tills disclosure 

make Uiem valuable for developing new tiierapeutic modalities and as a tool for studying cardiac tissue in vitro. 

PgfiniUon? 

The techniques and compositions of this invention relate to pPS-derived cardiomyocytes and tiielr 
40 precursors. Phenotypic characteristics of cardiomyocytes are provided in a later section of tiiis disclosuro. 
There are no particular characteristics tiiat are definitive for cardiomyocyte precursors, but it is recognized tiiat 
in tiie nomnal course of ontogeny, undifferentiated pPS cells first differentiate into mesodemnai cells, and tiien 
tiirough various precursor stages to a functional (end-stage) cardiomyocyte. 

& 
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Accordingly, for the punaoses of this disclosure, a -tardiomyocyle precursoi" is defined as a cell that 
is capable (w*hout dedifferentiaOon or reprogramming) of giving rise to progeny that include cardiomyocytes. 
and which expresses at least one marker (and preferably at least 3 or 5 markers) from the following list 
cardiac troponin I (cTnl). cardiac troponin T (cTnT), sarcomeiks myosin heavy chain (MHC). QATA-4, Nkx2£. 
N-cadherfn, pi-adienoceptor (pi-AR), ANF, the MEF-2 family of transcription factors, creatine Wnase MB 
(CK-MB), myoglobin, or atrial natriuretic factor (ANF). 

Throughout this disclosure, techniques and compositions that refer to "cardiomyocytes or 
-cardiomyocyte precursors" can be taken to apply equally to cells at any stage of cardiomyocyte ontogeny 
without restricUon. as defined above, unless othenwise specified. The cells may or may not have the abnity to 
proliferate or exhibit contractile activity. 

Certain cells of this invention demonstrate spontaneous periodic contractile activity. TTiis means that 
when they are cultured in a suitable ti'ssue culture environment with an appropriate Ca** concentration and 
electrolyte balance, the cells can be obsen/ed to contract m a periodic fashion across one axis of the cell, and 
then release from contraclton, without having to add any addiUonal components to the culture medium. 

Prototype "primate Pluripotent Stem cells" (pPS cells) are pluripotent cells derived from any kind of 
embryonic tissue (fetal or pre-felal tissue), and have the characteristic of being capable under appropriate 
conditions of producing progeny of different cell types that are derivatives of all of thS 3 germinal layers 
(endoderm. mesodemi. and ectodemi), according to a standard art-accepted test, such as the ability to form a 
teratoma hi 3-12 week old SCID mfce, or the ability to torn Identifiable cells of all three germ layers h tissue 
culture. 

Included in «ie definition of pPS cells are embryonic cells of various types, exemplified by human 
embryonic stem (hES) cells, described by Thomson et al. (Science 282:1145. 1998); embryonle stem cells 
from other primates, such as (Rhesus stem cells (TTiomson et ai.. Proa NaU. Acad. Sd. USA 92:7844. 1995). 
mannoset stem cells Cl^iomson et al.. Biol. Reprod. 55-.254, 1996) and human embryonic germ (hEG) cells 
(Shamblott et al.. Proc. Natl. Acad. Sci. USA 95:13726, 1 998). These cell types may be provided In the forni of 
an established ceil line, or they may be obtained direcUy from primary embryonic tissue and used immedirtely 
for dlffeientlatkMi. Other types of pluripotent cells are also Included in the term. Any cells of primate origin that 
are capable of producing progeny that are derivatives of all three germinal layers are included, regardless of 
whether they were derived from embryonic tissue, fetal tissue, or oUier sources. The pPS cells are not derived 
from a malignant source. It Is desirable (but not always necessary) that the cells be karyotypically nom»l. 

pPS cell cultures are described as "undlflerBntittod" when a substantial proporBon of stem cells and 
their derivatives In the population display morphologksal characteristics of undifferentiated cells, deariy 
distinguishing them from differentiated cells of embryo or adult origin. Undifferentiated pPS cells are easily 
recognized by ttiose skilled in ttie art. and typksally appear in the two dimensions of a microscopic view In 
colonies of cells vntti high nuclear/cytoplasmk; ratios and prominent nucleoli. It is understood that cokmies of 
undifferentiated cells within the population will often be surrounded by neighboring cells that are dlfferenUated. 

In the context of cell ontogeny, ttie adjective "differentiated" is a relative temi. A ^differentiated ceir is 
a cell Uiat has progressed further down the developmental paOiway ttian tiie ceti it is being compared wiUi. 
Thus, pluripotent embryonic stem cells can differentiate to lineage-restricted precursor cells (such as a 
mesodermal stem celO. which In turn can dttferentiate into other types of precursor cells further down the 
pathway (such as an cardiomyocyte precursor), and then to an end-stage differentiated cell, whtoh plays a 
characteristic role in a certain tissue type, and may or may not retain tiie capadly to proliferate further. 

"Feeder cells" or "feeders" are tenns used to describe cells of one type ttiat are co<;ultured wiUi calls 
of anoUier type, to provide an environment In vi*ifch ttie cells of the second type can grow. pPS cell 
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populations are said to be "essentially free" of feeder cells If the cells have been grown through at least one 
round after splltUng In which fresh feeder cells are not added to support the growth of the pPS. It Is recognized 
that If a previous culture containing feeder cells Is used as a source of pPS for a new culture containing no 
feeder cells, there will be some feeder cells that sun/lve the passage. The culture is essentially free of feeder 

5 cells when there Is less than -5% surviving feeder cells present. Compositions containing less than 1%. 0.2%, 
0.06%, or 0.01% feeder cells (expressed as % of total cells in the culture) are increasingly more preferred. 
When a cell line spwitaneously differentiates In the same culture Into multiple cell types, the differait cell types 
are not considered to act as feeder cells for each other within the meaning of this definition, even though th^ 
may interact in a supportive fashion. 

10 A 'growth envlronmenf is an environment in which cells of interest will proliferate, differentiate, or 

mature in vitro. Features of the environment Include the medium in which the cells are cultured, any growth 
factors or differentiation-inducing factors that may be present, and a supporting structure (such as a substrate 
on a solid surface) if present. 

A cell is said to be "genetically altered" vrfien a polynucleotide has been transfenBd into the cell by 

1 5 any suitable means of artificial manipulation, or where the cell is a progeny of the originally altered cell that has 
Inherited the polynucleotide. The polynucleotide will often comprise a transcribable sequence encoding a 
protein of interest, which enables the cell to express the protein at an elevated level. The genetic alteration is. 
said to be "inheritable" if progeny of the altered cell have the same alteration. 

The term "antibody" as used in tiiis disclosure refers to both polyclonal and monoclonal antibody. The 

20 ambit of tiie term deliberately encompasses not only Intact immunoglobulin molecules, but also such 
fragments and derivatives of immunoglobulin molecules (such as single chain Fv constructs, diabodies, and 
fusion constructs) as may be prepared by techniques known in the art, and retaining a desired antibody 
binding specificity. 

25 General Techniques 

For further elaboration of general techniques useful in the practice of ttiis invention, the practitioner 
can refer to standard textbooks and reviews In cell biology, tissue culture, embryology, and cardk)physiology. 

Witfi respect to tissue culture and embryonic stem cells, the reader may wish to refer to 
Teratocarclnomas and embryaiic stem cells: A practical approach (E J. Robertson, ed., IRL Press Ltd. 1987); 

30 Guide to Techniques in Mouse Development (P.M. Wassemian et al. eds.. Academic Press 1993); Embryonic 
Stem Cell Dlfhrenmon In Wro (M.V. Wiles, Metii. Enzymd. 22&900, 1993); ProperUes and uses of 
Embryonic Stem Cells: Prospects for Application to Human Biology and Gene Therapy (P.D. Rathjen et al., 
Reprod. Fertil. Dev. 10:31. 1998). WIUi respect to Uie culture of heart cells, standard references Include The 
Heart Cell In Culture (A. Pinson ed.. CRC Press 1987), Isolated Adult Cardlomyocytes (Vols. I & II, Piper & 

35 Isenberg eds., CRC Press 1989), Heart Development (Harvey & Rosenttial, Academic Press 1998), / Left my 
Heart In San Fmncisco (T. Bennet, Sony Records 1 990); and Gone vm the Wnt (M. Mitchell, Scribner 1 996). 

General methods In molecular and cellular biochemistry can be found in such standard textbooks as 
h^lecular Cloning: A Laboratory Manual, 3rd Ed. (Sambrook et al., Harbor l-aboratory Press 2001); Short 
Protocols In Molecular Biology, 4\h Ed. (Ausubel etal. eds., John Wiley & Sons 1999); Protein Methods (Bollag 

40 et al., John Wiley & Sons 1996); Nonviral Vectors for Gene Therapy (Wagner et al. eds., Academte Press * 
1999); Wal Vectors (Kaplitt & Loewy eds.. Academic Press 1995); Immunology Methods Manual (I. Lefkovits 
ed.. Academic Press 1997); and Cell and Tissue Culture: Laboratory Procedures In Blotechndogy (Doyle & 
Griffiths, John Wiley & Sons 1998). Reagents, cloning vectors, and kits for genetic manipulation referred to in 
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available from conunercial vendors such as BloRad, Stralagene. Invitoogen. Sigma-Aldrich. 



,<in.imas of Stem Cells 

This invention can be practiced with plurlpotent stem cells of various types, particularty stem cells 
derived from embryonic tissue and have the charactertsUc of being capable of producing progeny of all of the 
three germinal layers, as described above. 

Exemplary are embryonic stem cells and embryonic genn cells used as existing cell lines or 
established from primary embryonic tissue of a primate species, including humans. 

Embryonic Stem C^ls 

Embryonic stem cefls have been isolated from blastocysts of members of the primate species 
Clhomson el al.. Proc. Natl. Acad. Sci. USA 92:7844. 1995). Human embryonic stem (hES) cells can be 
prepared from human blastocyst cells using the techniques described by Thomson et al. (U.S. Patent 
5.843.780; Science 282:1145. 1998; Curr. Top. Dev. Biol. 38:133 ff.. 1998) and Reubinoff et al. Nature 
Biotech. 18:399,2000. 

Briefly, human blastocysts are obtained from human in vivo preimplantation embryos. Alternatively, in 
vitro fertilized (IVF) embryos can be used, or one^ll human embiyos can be expanded to the blastocyst 
stage (Bongso et al.. Hum Reprod 4: 706. 1989). Embiyos are cultured to the blastocyst stage in Q1.2 and 
G2.2 medium (Gaidner et al.. Ferffl. Sterii. 69:84, 1998). The zona pellucida is removed from developed 
blastocysts by brief exposure to pronase (Sigma). The inner cell masses are isolated by immunosurgeiy. in 
which blastocysts are exposed to a 1:50 dilution of rabbit anti-human spleen cell antisenim for 30 min. then 
washed for 5 min three times In DMEM. and exposed to a 1:5 dilution of Guinea pig complement (Gibco) for 3 
min (Solter et al.. Proc. Natl. Acad. Sd. USA 72:5099. 1976). After two further washes In DMEM. lysed 
tropheotodemi cells are removed from the irtacl inner ceU mass (ICM) by gentle pipetting, and the ICM plated 
on mEF feeder layers. 

After 9 to 15 days, inner cell mass-derived outgrowths are dissociated into clumps, either by exposure 
to calcium and magnesium-free phosphate^Hiffered saPne (PBS) with 1 mM EDTA. by exposure to dispase or 
trypsin, or by mechanical dissociation with a mteropipette; and then replated on mEF in fresh medium. 
Growiiig colonies having undifferentiated morphology are individually selected by microppette. mechanically 
dissociated into clumps, and replated. ES-like morphology is characterized as compact colonies with 
apparently high nucleus to cytoplasm ratio and prominent nucleoli. Resulting ES cells are then rouUnely split 
every 1-2 weeks by brief trypslnlzatlon. exposure to Dulbeoco's PBS (containing 2 mM EDTA). exposure to 
type IV collagenase (-200 U/mU Gibco) or by selecUon of individual colonies by mteropipette. Clump sizes of 
35 about 50 to 100 cells are optimal. 



25 
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Embryonic Genn Cells 

Human Embryonte Gemi (hEG) cells can be prepared from primordial genu cells present in human 
fetal material taken about 8-11 weeks after the last menstrual period. Suitable preparation methods are 
40 described in Shamblott et al.. Proc. Natl. Acad. Sd. USA95:13726. 1998 and U.S. Patent 6,090,622. 

Briefly genital ridges are rinsed with isotonic buffer, then placed Into 0.1mL 0.05% trypsln«.53 mM 
sodium EDTA^utlon(BRL) and cut lnlo<1 mm' chunks. The tissue Is then pipetted through a 100 ;/L tip to 
further disaggregate the ceDs. It is incubated at ZTC for -5 min. then -3.5 mL EG growth medium is added. 
EG growth medium Is DMEM, 4500 mgA. D^lucose. 2200 mgA. mM NaHCOs: 15% ES qualified fetal calf 

£ 
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serum (BRL); 2 mM glutamlne (BRL); 1 mM sodium pyruvate (BRL); 1000-2000 U/mL human recombinant 
leukemia inhibitory factor (LIF. Genzyme); 1-2 ngMiL human recombinant bFGF (Genzyme); and .10 jiM 
forskolin (in 10% omo). In an altemative approach. EG cells are Isolated using 
hyaluTonldase/collagenase/DNAse. Gonadal aniagen or genital ridges with mesenteries are dissected from 
fetal material, ttie genital ridges are rinsed in PBS. then placed in 0.1 mL HCD digestion solution (0.01 % 
hyaluronidase type V, 0.002% DNAse I. 0.1% coilagenase type iV, all from Sigma prepared in EG growth 
medium). Tissue is minced, incubated 1 h or overnight at 37«C, resuspended in 1-3 mL of EG growth medium, 
and plated onto a feeder layer. 

Ninety-sb< wefl tissue culture plates are prepared with a sub-confluent layer of feeder cells (e.g., STO 
cells, ATCC No. CRL 1503) cultured for 3 days in modified EG growth medium free of UF. bFGF or forskolin, 
inactivated with 5000 rad y-irradiation. -^.2 mL of primary germ cell (PGC) suspension is added to each of the 
wells. TTie firat passage is done after 7-10 days in EG growth medium, transferring each well to one well of a 
24-well culture dish previously prepared with Irradiated STO mouse fibroblasts. The c^ls are cultured with 
daily replacement of medium until cell morphology consistent with EG cells Is observed, typically after 7-30 
days or 1-4 passages. 

Propagation ofpPS Cells in an Undifferentiated State 

pPS cells can be propagated continuously In culture, using culture conditions that promote 
proliferation without promoting differentiation. Exemplary serum-containing ES medium is made with 80% 
DIVIEM (such as Knock-Out DI^EM. Gibco), 20% of either defined fetal bovine serum (FBS. IHyclone) or serum 
replacement (WO 98/30679), 1% non-essential amino acids, 1 mM L-glutamine, and 0.1 mM. 
P-mercaptoethanol, Just before use, human bFGF is added at a level of 4 to 8 ng/mL (WO 99/20741. Geron 
Corp.). 

Conventionally, ES cells are cultured on a layer of feeder cells, typically fibroblasts derived from 
embryonic or fetal tissue. Embryos are han/ested from a CF1 mouse at 13 days of pregnancy, transfen^d to 
2 mL trypsin/EDTA, finely minced, and incubated 5 min at 37°C. 10% FBS is added, debris is allowed to 
setUe. and the cells are propagated In 90% DMEM . 10% FBS, and 2 mM glutamine. To prepare a feeder cell 
layer, cells are irradiated to inhibit proliferation but permit synthesis of faclora that support ES cells (-4000 
reds Y-Irradiation). Culture plates are coated with 0.5% gelatin overnight, plated with 375.000 Inradiated mEFs 
per well, and used 5 h to 4 days after plating. The medium is replaced witti fresh hES medium just before 
seeding pPS cells. 

Geron Corporation has developed novel tissue culture environments ttiat allow for continuous 
proliferation of pluripotent stem cells In an environment essentially free of feeder cells. See Australian patent 
AU 729377. and international patent publication WO 01/61616. Cells can be cultured on an extracellular 
matrix of MatrigeKS) or iaminin, in medium conditioned by feeder cells or medium supplemented witii growtii 
factors such as FGF and SCF. Being able to culture stem cells in a feeder-free environment provides a 
system in which cellular compositions can be readily produced that are In compliance with the regulatory 
requirements for human therapy. For tiie purpose of prosecution of tills application and any applications 
claiming priority hereto in tiie United States. International patent publication WO 01/51616 is hereby 
incorporated herein by reference in its entirety. 

The environment for feeder-free cultures includes a suitable culture substrate, particularty an 
extracellular matrix such as Matrigel© or Iaminin. TTie pPS celts are plated at >15,000 cells cm"^ (optimally 
90,000 cm"^ to 170.000 cm*^). Typically, enzymatic digestion is halted before cells become completely 
dispersed (say, -5 to 20 min witti coilagenase IV). Clumps of -10-2000 cells are tfien plated directiy onto ttie 
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substrate without further dispersal. Feeder^rae cultures are supported by a r.utrienl medium typically 
conditioned by culturlng irradiated primary mouse embryonic fibroblasts, telomerized mouse fibroblasts, or 
fibroblast-like cells derived from pPS cells. Medium can be conditioned by plating the feeders at a density of 
-5-6 X 10* cm-* in a serum free medium such as KO DMEM supplemented with 20% serum replacement and 4 
ngAnL bFGF. Medium that has been condiUoned for 24 h is filtered through a 0.2 |im membrane, 
supplemented with a further^ ngAnL bFGF. and used to support pPS cell culture for 1-2 days. 

under the microscope. ES ceHs appear with high nuclear/cytoplasmic ratios, prominent nucleoli, and 
compact colony fomiation with poorly discemable cell junctions. Primate ES cells may express one or more of 
the stage-spedfic embryonic antigens (SSEA) 3 and 4. and maricers detectable using antibodies designated 
Tra-1.60 and Tra.1-81 fThomson el al.. Science 282:1145. 1998). Undifferentiated hES cells also typically 
express Oct-4 and TERT. as detected by RT-PCR. and alkaline phosphatase activity detected by enzyme 
assay. Differentiation of hES cells In vitro typically results in the k>8S of these markers frf present) and 
increased expression of SSEA-1. 

Pmeadures < nr nnmarina cardiomvOCVtW 

Cells of this invenUon can be obtained by culturing or differenUatmg stem cells in a special growth 
environment that enriches for cells with the desired phenotype (either by outgrowth of the desired cells, or by 
inhibition or killing of other cell types). These methods are applicable to many types of stem cells, especlafly 
primate pluripotent stem (pPS) cells described in the previous section. 

Differentiation is typically IniUaled by formatton of embryold bodies or aggregates: for example, by 
overgrowth of a donor pPS cell culture, or by culturing pPS cells in suspension in culture vessels having a 
substrate with low adhesion properties which allows EB formation. pPS ceils are harvested by brief 
collagenase digestion, dissociated into clusters, and plated in non-adherent cell culture plates. The 
aggregates are fed every few days, and then hanresled after a suitable period, typfcally 4^ days. The 
han«sted aggregates are then plated onto a solid substrate, and cultured for a period that allows cells withm 
the aggregates to adopt a cardiomyocyte phenotype. Typically, the total differentiation period is at least 8 
de^. and may be al least 10 or 12 days in length. 

Altematively or in addition, the differentiation process can be Initialed by culturing the cePs in a 
diflerentiaUon paradigm. CondiUons that induce differentiation of hES ceHs Into a heterogeneous population 
include adding rellnote add (RA) or dimethyl sulfoxide (DMSO) to the culture medium; or withdrawing the cells 
from the usual extracellular matrix upon whfch they are cultured. See U.S. patent appltealion 60^13.740 and 
international patent publicaOon WO 01/51616. Caution Is advised, however, since In some slluattons these 
agents reduce the proporUon of cardlomyocytes obtained (Example 6). 

Under certain droumstances. 11 is beneftelai to Indude in the medium one or more "cardiotropic 
factors^. These are sImpV factors that either alone or in combination enhance proliferation or survival of 
cardiomyocyte type cells, or inhibit the growth of other cell types. The effect may be due to a direct effect on 
the cen Itself, or due to an effect on another cell type, whteh in turn enhances cardiomyocyte fomiation. For 
example, fadore that induce the formation of hypoblast or epibiast equivalent ceils, or cause these cells to 
produce their own cardiac promoting elements, all come within the rubric of cardiotropic f adors. 

Fadors thought to induce differentiation of pPS cells into cells of the mesodemi layer, or fadlltate 
further differentiation into cardiomyocyte lineage cells indude the foBowing: 

. Nudeotide anatogs that affed DNA methylation and altering expression of cardiomyocyte-related 
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• TGF-p ligands (exempimed by TGF-pi, TGF-p2. TGF-ps and other membera of the TGF-p 
superfamily illustrated below), Uganda bind a TGF-p receptor activate Type I and Type II serine 
kinases and cause phosphorylation of the Smad effector 

• Morphogens like Actlvin A and Activin B (members of the TQF-p superfamily) 

• Insulin-like growth factors (such as IGF II) 

• Bone morphogenic proteins (members of the TGF-p superfamily, exemplified by BMP-2 and BMP-4) 

• Fibroblast growth factors (exemplified by bFGF. FGF-4. and FGF-8) and other ligands that activate 
cytosollc kinase raf-1 and mitogen-activated proteins kinase (MARK) 

• Platelet-derived growth factor (exempl'rfied by PDGFP) 

• Natriuretic factors (exemplified by atria! natriuretic factor (ANF). brain natriuretic peptide (BNP). 

• Related factors such as insulin, leukemia inhibitory factor (LIF). epidermal growth factor (EGF). TGFa, 
and products of the cripto gene. 

• Spedfic antibodies with agonist activity for the same receptors 

Alternatively or in addition, ttie cells can be cocultured witii ceUs (such as endottielial cells of various kinds) 
Uiat secrete factors enhancing cardlomyocyte differentiation. 

As illustrated in Example 6. nucleotide analogs that affect DMA methylation (and thereby influence 
gene expression) can effectively be used to Increase ttie proportion of cardlomyocyte lineage cells ttiat emerge 
following Initial differentiation. For example, it has been found that Inclusion of 5-aza-deoxy-cytidine In the 
culture medium Increases ttie frequency of contracting cells in ttie population, and expression of cardiac 
aMHC. Under some circumstances, enrichment by ttiis step atone may increase contracting cardiomyocytes 
from -1% to over -3% of ttie population. 

The evaluatton of cardiotropic agents is furttier illustrated In Example 7. Particularty effective 
combinations of cardiotropic agents include use of a morphogen like Activin A and a plurality of growtfi factors, 
such as tiiose included in ttie TGF-p and IGF families during tfie eariy commitment stage, optionally 
supplemented with additional cardiotropins such as one or more fibroblast growtti factors, bone morphogenic 
proteins, and platelet-derived growth factors. 

During ttie elaboration of ttiis Invention, It was found ttiat omitting factors such as Insulin-like growtti 
factor II (IGF II) and related molecules from ttie final stages of in vitro differentiation actually increased ttie 
levels of cardiac gene expression. In unrelated studies, IGF II has been found to decrease ttie levels of 
GSK3P in fibroblasts (Scalia et al.. J. Cell. Biochem. 82:610, 2001). IGF II may ttierefore potentiate ttie effects 
of Wnt proteins present in ttie culture medium or secreted by ttie cells, Wnt proteins normally stabilize and 
cause nuclear translocation of a cytoplasmte molecule, pcatenin. which comprises a portion of ttie 
transcription factor TCF, This changes transcriptional activity of multiple genes. In ttie absence of Wnt. 
p catenin Is phosphorylated by ttie kinase GSKSp, which botti destabilizes p catenin and keeps it in ttie 
cytoplasm. 

Since Wnt activatore like IL II apparentiy limit cardlomyocyte differentiation. It is bePieved ttiat culturing 
witti Wnt antagonists can increase ttie extent or proportion of cardlomyocyte differentiation of hES cells. Wnt 
signaling can be inhibited by injection of synttietic mRNA encoding elttier DKK-1 or Crescent (secreted 
proteins that bind and inactivate Wnts) (Schneider et al., Genes Dev. 15:304, 2001), or by Infection wltti a 
retrovirus encoding DKK-1 (Marvin et al.. Genes Dev. 15:316, 2001). Altematively, ttie Wnt pattiway can be 
inhibited by increasing ttie activity of ttie kinase GSKSp, for example, by culturing ttie cells wtth factore such as 
IL-6 or glucocorticoids. 

Of course, it is not usually necessary to understand the mode of action of a cardiotropic factor in order 
to employ it in a differentiation paradigm according to ttiis invention. The combinations and amounts of such 

1£ 
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compounds that are effective for enriching cartllomyooyte producUon can be detemined empirically by 
culturing undifferentiated or earty differenUated hES cells or their progeny in a culture environment 
incorporating such factors, and then determining whether the compound has increased the number of 
cardiomyocyte Dneage cells in the population aocoiding to the phenotypio markers Hsted below. 

It has been discovered that pPS^terived caidiomyocytes can be separated into single^eil 
suspensions for purposes of replating and expansion, enrichment, cloning, and delemiination of phenotyp.c • 
characteristics. Example 2 illustrates the preparation of single Isolated cardlomyocytes using collagenase B 
solution Also suitable are Collagenase 11. or a mixture of collagenases such as Blendzyme IV (Roche). After 
the dissociation, cells were seeded into chamber slides and cultured In differentiation medium. The recultured 
single cardloniyocyte cells sunrtved and continued to beat 

Suspensions of pPS-derived cells can be further enriched for cells with desirable characteristics, such 
as mechanical separation or cell sorting. It has been discovered that the percentage of contracting cells can 
be enriched by -20-fold by density separation using a suitable technique. Isolation of enriched cardiomyocyte 
populations by isopycnic centrifugatlon Is illustrated In Examples 4 and 9. Populations can be obtained that 
comprise at least -5«5fe. -20%. -60%. and potentially over -90% cells of the cardiomyocyte lineage. Many of 
the research and therapeutic applications refenred to In this disclosure benefit itom enrichment of the 
proportion of caniiomyocytes. but that complete homogaieity is often not required. 

Following Initial differentiation (and before or after a separation step, if employed), it Is possible to 
increase the percentage of cardiomyocyte lineage cells by culturing In an environment containing a 
•cardiomyocyte enrichment agenr. This is simply a factor in ttie medium or on a surface substrate that 
promotes ttie outgrowth of the desired cell type - elUier by facflitaUng proliferation of cardiomyocyte lineage 
cells, or by Inhibiting the growth (or causing apoptosis) of cells of ottier tissue types. Some of the cardiotropic 
factors Hsted above are suitable for this purpose. Also suitable are certain compounds known beneflaai to 
cardlomyocytes In vivo, or tiielr anatogs. Included are compounds capable of fonning a high energy 
phosphate bond (such as creatine): an acyl group carrier molecule (such as carnitine); and a cardiomyocyte 
calcium channel modulator (such as taurine). 

raiaiaeterizatlnn of cafdjoT ^yncvte lineage cells 

The cells obtained according to the techniques of this imrentlon can be characterized according to a 
number of phenotypic criteria. Cardlomyocytes and pracureor cdls derived from pPS cell lines often have 
morphological characteristics of cardlomyocytes from oUier sources. They can be spindle, round, triangular or 
muW-angular shaped, with slriaUons characteristic of sarcomertc stwclures detectable by ImmunostaWng 
(Example 3). They may f om, myotubemke structures and show typfcal sarcomeres and atrial granules when 

examined by electron microscopy. 

pPS derived cardlomyocytes and ttwir precursors typically have at least one of Uie following 

cardiomyocyte specific markere: 

. Cardiac troponin I (cTnl). a subunit of troponin complex that provides a caldum^nsWve molecular 
switch for the regulation of striated muscle contraction. 

• Cardiac troponin T (cTnT) 

. Atrial natriuretic factor (ANF). a hormone expressed In developing heart and fetal cardlomyocytes but 
down^ulated in adults. It Is considered a good marirerfor cardlomyocytes because It Is expressed 
in a »«ghly spedfte manner in cardiac cans but not skeletal myocytes. 
The cells will also typically express at least one (and often at least 3, 5. or more) of the following martcere: 

• sarcomertc myosin heavy chain (MHC) 
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• Titfn, tropomyosin, a-actinin, and desmin 

• GATA-4, a transcription factor that is highly e)qpressed in cardiac mesoderm and persists In the 
developing heart It regulates many cardiac genes and plays a role in cardiogenesis 

• Nlo(2.5, a cardiac transcription factor expressed In cardiac mesoderm during early mouse embryonic 
5 development, which persists in the developing heart 

• MEF-2A, MEF-2B. MEF-2C, MEF-2D; transcription factors that are expressed In cardiac mesodemi 
and persist in developing heart 

• N-cadherin, which mediates adhesion among cardiac cells 

• Connexin 43, which forms the gap Junction between cardiomyocytes. 
10 -pi -adrenoceptor (pi -AR) 

• creatine kinase MB (CK-MB) and myoglobin, which are elevated in serum following myocardial 
Infarction 

Other mariners that may be positive on cardiomyocytes and their precursors Include a-cardiac acUn, early 
growth response-l, and cyclin D2. 

15 Tissue-specific mariners can be detected using any suitable immunological technique — such as flow 

immunocytochemistry or affinity adsorption for cell-surface maricers, immunocytochemistry (for example, of 
fixed cells or tissue sections) for intracellular or cell-surface maricers, Western blot analysis of cellular extracts, 
and enzyme-linked immunoassay, for cellular extracts or products secreted into the medium. Expression of an 
anUgen by a ceil is said to be antibody^detectable If a slgnificantiy detectable amount of antibody will bind to 

20 the antigen in a standard Immunocytochemistfy or flow cytometry assay, optionally after fixation of the cells, 
and optionally using a labeled secondary antibody or other conjugate (such as a biotin-avldin conjugate) to 
amplify labeling. 

The expression of tissue-specific gene products can also be detected at the mRNA level by Northern 
blot analysis, dot-blot hybridization analysis, or by reverse transcriptase Initiated polymerase chain reaction 

25 (RT-PCR) using sequence-specific primers in standard amplification methods. See U.S. Patent 5,843,780 for 
details of general technique. Sequence data for other mariors listed In this disclosure can be obtained from 
public databases such as QenBank (URL www.ncblJiIm.nlh.gov:8a^enlre2). Expression at the mRNA level is 
said to be detectable according to one of the assays described In this disclosure if the perfomiance of the 
assay on cell samples according to standard procedures in a typical controlled experiment results in clearly 

30 discemable hybridization or amplification product Expressfon of tissue-specific markers as detected at the 
protein or mRNA level Is considered positive If the level is at least 2-fold, and preferably more than 10- or 
50-fold above that of a control cell, such as an undifferentiated pPS cell or other unrelated cell type. 

Once maricers have been Identified on the surface of cells of the desired phenotype, they can be used 
for Immunoselection to further enrich the population by techniques such as immunopanning or antibody- 

35 mediated fluorescence-activated cell sorting. 

Under appropriate circumstances, pPS-derived cardiomyocytes often show spontaneous periodic 
contractile activity. This means that when they are cultured in a suitable tissue culture environment with an 
appropriate Ca** concentration and electrolyte balance, the ceils can be obsen^ed to contract across one axis 
of the cell, and then release from contraction, without having to add any additional components to the culture 

40 medium. The contractions are periodte, which means that they repeal on a regular or irregular basis, at a 
frequency between -6 and 200 contractions per minute, and often between -20 and -90 contractions per 
minute (Rgure 5). individual ceils may show spontaneous periodic contractile activity on their own, or they 
may show spontaneous periodic contractile activity In concert with neighboring cells in a tissue, cell aggregate, 
or cultured cell mass. 
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The contractile activity of the cells can be characlerbed acconling to the influence of culture 
conditions on the nature and frequency of conlmctions. Compounds that reduce available Ca** concentration 
or otherwise interfere transmembrane transport of Ca^ often affect contractile activity. For example, the 
L-type calcium channel blocker diltiazem inhibits contracUle aclivBy in a dose^ependent manner (Rgure 5). 
On the other hand, adrenoceptor agonists like Isoprenaline and phenylephrine have a positive chronotropic 
effect FurthercharacterlzaUonoffunctionalpropertlesoHhecellcanlnvolvecharacterlzlngchannelsforNa . 
yC and Ca**. Bectrophysidogy can be studied by patch damp analysis for cardlomyocyte like action 
potentials. See Igelmund et al.. i>flugers Aich. 437:669. 1999: Wobus et al.. Ann. N.Y. Acad. Sd. 27:752. 
1995; and Doevendans et a!.. J. Mol Cell Cardid. 32:839, 2000. 

Functional attributes provide a manner of characterizing cells and their precursors in vitro, but may 
not be necessary for some of the applications referred to In this disclosure. For example, a mixed cell 
population enriched for cells bearing some of the mariners listed above, but not all d the functional or 
eledrophystology properties, can be of considerable therapeutic benefit if they are capable of grafting to 
impaired cardiac tissue, and acquiring in vivo the fundional properties needed to supplement cardiac function. 

Where derived from an established line of pPS eels, the cell populations and Isolated cells of ttiis 
imrention can be characterized as having Uie same genome as the flne from whidi tiiey are derived. This 
means ttiat the chromosomal DNA will be over 90% identical between the pPS cells and Uie cardiac cells, 
whldi can be infen-ed if the cardiac cells are obtained from the undifferentiated ine through the courae of 
nomial mitotic division. Cells ttial have been treated by recombinant methods to introduce a transgene (sudi 
as TErni or knock out an endogenous gene are still considered to have Oie same genome as ttie line from 
whidi they are derived, since all non-manipulated genetic elements are preserved. Two cell populations can 
be shown to have essentially ttie same genome by standard tedinlques sudr as DNA fingerprinting. 
Alternatively, ttie relationship can be established by review of records kept during derivation of the oeDs. The 
diaraderistic ttiat cardlomyocyte lineage cells are derived from Uie parent cell population Is Important In 
several respects. In parttoular. Oie undifferentiated cell population can be used for produdng additional cells 
with a shared genome - eiUier a further batch of cardiac cells, or anoUier cell type Uiat may be useful In 
tiierapy - such as a population ttial can pretderize ttie patient to Uie histocompatibility type of ttie cardiac 
allograft. 

For ttierapeuUc use. ft is often desirable Uiat differentiated cell populations of tills invention be 
substantially free of undifferentiated pPS cells. One way of depleting undifferentiated stem cells from ttie 
population is to transf ed ttiem witti a vedor in which an effector gene under conlrd of a promoter ttial causes 
preferential expression in undifferentiated cells. Suitable promotere Include ttie TERT premder and Uie OCT-4 
promder. IHe effedor gene may be direcUy lytic to Uie cell (encoding, for example, a toxin or a mediator of 
apoptosis). Altematwely. ttie effedor gene may render Uie cdl susceptible to toxic effeds of an external 
agent, sudi as an antibody or a prodrug. Exemplary is a herpes simplex ttiymidine kinase (/*) gene, whteh 
causes cells in whldi it is expressed to be susceptible to ganddovir. Suitable pTEm--tfc oonstiuds are 
provided In WO 98/14593 (l^rin et al.). 

Since it has now been demonstrated Uiat cardiomyocytes and Uieir precureore can be generated from 
pPS cells, it is well witiiin ttie pun/iew of Uie reader to adjust ttie differentiation paradigm iUustrated in Uiis 
disdosure' to suit ttieir own purposes. The reader can readily test ttie suitability of certain culture condiUons. 
for example, by culturing pPS ceBs or ttieir derivatives in ttie test condiUons in paraltel wtth cdls obtained 
according to ttie illustrations in ttiis disclosure and other control cell types (such as primary human 
cardiomyocytes. hepatocytes. or fibroblasts), and Uien comparing Uie phenotype of Uie cells obtained 
according to Uie maricera listed above. Adjustment of culture and cell separation conditions to alter particular 
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components is a matter of rouUne optimization nomially expected for culture methods of this Idnd. and does 
not depart from the spirit of the ciaimed invention. 

Genetic alteratfon of differentiated cells 

5 it may be desirable that the cells have the ability to replicate in certain drug screening and therapeutic 

applications, and to provide a resen/oir for the generation of cardiomyocytes and their precursors. The cells of 
this invention can optionally be telomerized to increase tha'r replication potential, either before or after they 
progress to restricted developmental lineage cells or terminally differentiated cells. pPS cells that are 
telomerized may be taken down the differentiatton pathway described eartler. or differentiated cells can be 
1 0 telomerized directly. 

Cells are telomerized by genetically altering them by transfectlon or transduction with a suitable 
vector, homologous recombination, or other appropriate technique, so that they express the telomerase 
catalytic component (TERT), typically under a heterologous promoter that increases telomerase expression 
beyond what occurs under the endogenous pronioter. Partlculariy suitable Is the catalytic component of 
15 human telomerase (hTERT). provided In International Patent Application WO 98/14592. For certain 
applfcations. species homologs like mouse TERT (WO 99/271 13) can also be used. Transfection and 
expression of telomerase in human cells Is described in Bodnar et al.. Science 279:349, 1998 and Jiang el al., 
Nat Genet. 21 :1 1 1 , 1 999. In another example, hTERT clones (WO 98/1 4592) are used as a source of hTERT 
encoding sequence, and spliced Into an EcoRI site of a PBBS212 vector under control of the MPSV promoter. 
20 or into the EcoRI site of commercially available pBABE retrovirus vector, under control of the LTR promoter. 

Differentiated or undifferentiated pPS cells are genetically altered using vector containing 
supematants over a 8-16 h period, and then exchanged Into growth medium for 1-2 days. Genetically altered 
cells ate selected using a dmg selection agent such as puromydn, Q418. or blastlddin, and then recuttured. 
They can then be assessed for hTERT expression by RT-PCR, telomerase activity (TRAP assay), 
25 immunocytochemical staining for hTERT, or repiicative capacity. The following assay kits are available 
commercially for research purposes: TRAPeze® XL Telomerase Detection Kit (Cat. s7707; Intergen Co., 
Purchase NY); and TeloTAGGG Telomerase PCR EUSA4)lus (Cat 2,013,89; Roche Diagnostics, Indianapolis 
IN). TERT expression can also be evaluated at Uie mRNA by RT-PCR. Available commerdally for research 
purposes is the LightCycier TeloT>AGGG hTERT quantiftoation kit (Cat. 3,012,344; Roche Diagnostics). 
30 Continuously replicating colonies will be enriched by further culturing under conditions tiiat support 
proliferation, and cells witii desirable phenotypes can optionally be cloned by limiting dilution. 

In certain embodiments of ttiis invention, pPS celts are differentiated Into cardiomyocyte precursors, 
and ttien genetically altered to express TERT. In other embodiments of tills invention. pPS cells are 
genetically altered to express TERT. and then differentiated Into cardiomyocyte precursors or temiinally 
35 differentiated cells. Successful modification to increase TERT expression can be determined by TRAP assay, 
or by detenmining whettier tiie repiicative capacity of tiie cells has Improved. 

Depending on tiie Intended use of tiie cells, otiier mettiods of Immortalization may also be 
acceptable, such as transforming the cells with DNA encoding myc. Uie SV40 large T antigen, or MOT-2 (U.S. 
Patent 6,869,243, International Patent Applications WO 97/32972 and WO 01/23555). Transfection witti 
40 oncogenes or oncovirus products is less suitable when tiie cells are to be used for ttierapeutic purposes. 
Telomerized cells are of particular interest in applications of tills invention where It Is advantageous to have 
cells that can proliferate and maintain titeir karyotype — for example, in phannaceutical screening, and in 
tiierapeutic protocols where differentiated cells are administered to an Individual In order to augment cardiac 
function. 

m 
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The cells of tWs InvenUon can also be genetically altered In oider to enhance their ability to be 
involved in tissue regeneration, or to deliver a therapeutic gene to a site of administration. A vector is 
designed using the loiown encoding sequence for the desired gene, operatively linked to a promoter that is 
either pan-spedflc or specifically active in the differentiated cell type. Of particular interest are cells that are 
genetically altered to express one or more growth factors of various types, caidioliopic factors such as atrial 
natriuretic factor, cripto. and cardiac transcription regulation factors, such as QATA-4. Nlo(2.5. and MEF2-C. 
Production of these factors at the site of administration may facilitate adopUon of the funcUonal phenotype. 
enhance the beneficial effect of the administered cell, or increase proliferation or activity of host cells 
neighboring the treatment site. 

^ ffffl ^ raHinmvnevtas and their precurSQTB 

This Invention provides a method to produce large numbers of cells of the cardiomyocyte lineage. 
These cell populations can be used for a number of important research, development, and commercial 
purposes. 

1 5 The cells of this Invention can be used to prepare a cDNA libraiy relatively uncontamlnated wBh cDNA 

preferentially expressed In ceHs from other Kneages. For example, cardlomyocytes are collected by 
centrifugation at 1000 rpm for 5 min. and then mRNA is prepared from the pellet by standard techniques 
(Sambrook et al.. supra). After reverse transcribing into cDNA, the preparation can be subtracted vvHh cDNA 
from undifferentiated pPS cells, other progenitor cells, or end^tage cells from the cardiomyocyte or any other 

20 devek)pmental pathway. 

The differenUated cells of this invention can also be used to prepare antibodies that are specific for 
mart<ers of cardiomyocytes and their precursors. Polyclonal antibodies can be prepared by injecting a 
vertebrate animal with cells of this invention in an immunogente form. ProducBon of monoclonal antibodies is 
described in such standard references as U.S. Patents 4.491,632, 4,472,500 and 4,444.887. and Methods in 
25 Enzymotogy 73B:3 (1981). Spedfkj antibody molecules can also be produced by contacUng a library of 
immunocompetent cells or viral particles with the target antigen, and growing out posilhaly selected clones. 
See Maries et al., New Eng. J. Med. 335:730. 1996. and McGuiness et al.. Nature BtotechnoL 14:1449, 1996. 
A furttier altematlve Is reassembly of random DNA fragments into antibody encoding regtons. as described \n 
EP patent appltoation 1 ,094,108 A. 
30 By positively selecting using the speciffe cells of this invention, and negatively selecting using cells 

bearing mote broadly distributed antigens (such as embryonte cell progeny with other phenotypes) or adult- 
derived cardiomyocytes. the desired specfflcily can be obtained. The antibodies in turn can be used to Identify 
or rescue heart cells of a desired phenotype from a mixed cell population, for purposes such as costaining 
during tonmunodiagnosis using tissue samples, and isdaling precursor cells from temilnally differentiated 
35 cardiomyocytes and cells of other lineages. 

The cells of this invertion are also of interest In identifying expression patterns of transcripts and 
newly synthesized proteins that are diaraderistte for cardiomyocytes, and may assist In direct&ig the 
differentiation pathway or facflltatlng interaction between cells. Expression patterns the differentiated cells 
are obtained and compared with control cell lines, such as undifferentiated pPS cells, other t^pea of committed 
40 precuraor cells (such as pPS ceHs differenUated towards other lineages), or terminally differenUated cells. 

The use of microarray in analyzing gene expresskm Is reviewed generally by Fritz et al Science 
288^16. 2000; Meroamy BlodUp Tedmohgy. I Shi. www.Qene^hlpsxom. An exemplaiy method is 
conducted using a GeneUc Microsystems array generator, and an Axon GenePbt™ Scanner. Microarrays are 
prepared by first amplifying cDNA fragments encoding martter sequences to be analyzed, and spotted direcUy 

iZ 
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onto glass slides To compare mRNA preparations from two cells of interest, one preparation is converted Into 
Cy3-labeled cDNA, while the other is converted into CyS-labeled cDNA. TTie two cDI^ preparations are 
hybridized simultaneously to the microarray slide, and then washed to eliminate non-specfflc binding. The 
slide is then scanned at wavelengths appropriate for each of the labels, the resulting fluorescence is 
quantified, and the results are formatted to give an indication of the relative abundance of mRNA for each 
marlcer on the array. 



Drug screening 

Cardiomyocytes of this invention can be used to screen for factors (such as solvaits. small molecule 
drugs, peptides, oligonucleotides) or environmental conditions (such as culture conditions or manipulation) tiiat 
affect the characteristics of such cells and their various progeny. 

In some applications. pPS ceUs (undifferentiated or differentiated) are used to screen factore that 
promote maturation Into later-stage cardlomyocyte precursors, or terminally differentiated cells, or to promote 
proliferation and maintenance of such cells In tong-term culture. For example, candidate maturation factors or 
growth factors are tested by adding them to cells In different wells, and then determining any phenotypic 
change tiiat results, according to desirable criteria for further culture and use of tiie cells. 

Other screening applications of ttiis invention relate to the testing of pharmaceutteal compounds for 
tiieir effect on cardiac muscle tissue maintenance or repair. Screening may be done either because ttie 
compound Is designed to have a pharmacological effect on tiie cells, or because a compound designed to 
have effects elsewhere may have unintended side effects on cells of tills tissue type. The screening can be 
conducted using any of tiie precursor cells or tennlnally differentiated cells of tiie Invention, 

The reader is referred generally to tfie standard texttiook In vitro Methods in Phannaceuijcal 
Research, Academic Press, 1997. and U.S. Patent 5.030.015. Assessment of tiie activity of candidate 
pharmaceutical compounds generally involves combining tiie differentiated cells of tills Invention witii ttie 
candidate compound, eiUier alone or in combination witii ottier drugs. The investigator determines any change 
In ttie morphology, marker phenotype. or functional activity of tiie cells ttiat is attributable to tiie compound 
(compared witii untreated cells or cells treated witii an inert compound), and ttien correlates tiie effect of ttie 
compound witii the obsen/ed change. 

Cytotoxicity can be determined In tiie first Instance by ttie effect on cell viability, survival, morphology, 
30 and Uie expression of certain maricera and receptora. Effects of a drug on chromosomal DNA can be 
determined by measuring DNA synttiesis or repair. r'HJ-tiiymidine or BrdU incorporation, espedaily at 
unscheduled times in the cell cycle, or above tiie level required for cell replication. Is consistent witii a drug 
effect. Unwanted effects can also Include unusual rates of sister chromatid exchange, detemiined by 
metaphase spread. The reader Is referred to A. Vickers (pp 375-410 \n In vitro Methods in PharmaceuHcai 
35 Beseardh, Academic Press, 1 997) for furtiier elaboration. 

Effect of cell function can be assessed using any standard assay to observe phenotype or artivity of 
cardiomyocytes, such as martcer expression, receptor binding, contractile activity, or electrophyslology — 
eitiier In cell culture or In vivo. Pharmaceutical candidates can also be tested for tiieir effect on contractile 
activity — such as whettier tiiey Increase or decrease tiie extent or frequency of contraction. Where an effect 
40 Is obsen^ed, tiie concentration of ttie compound can be titrated to determine ttie median effective dose (EDso). 
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TtierapeuttG use 

This Invention also provides for the use of catdlomyocytes and their precureots to enhance tissue 
maintenance or repair of cardiac muscle for any perceived need, such as an inborn error in metabolic function, 
the effecA of a disease condition, or the result of significant trauma. 

To determine the suItabiBty of cell compositions for therapeutic administration, the ceHs can first be 
tested in a suitable animal model. At one level, cells are assessed for their ability to sunrive and maintain their 
phenotype in vivo. Cell compositions are administered to immunodeficlent animals (such as nude mice, or 
animals rendered immunodeficlent chemically or by irradiation). Tissues are hawested after a period of 
regrowth, and assessed as to whether pPS derived cells are sUII present 

TWs can be performed by adminlsterfng cells that express a delectable label (such as green 
fluorescent protein, or p^aladosidase); that have been prelabeled (for example, with BrdU or [^H]lhymidine). 
or by subsequent detecUon of a constitutive cell marker (for example, using human-spedflc antibody). The 
presence and phenotype of the administered cells can be assessed by immunohistochemisHy or EUSA using 
human-specific antibody, or by fTT-F^R analysis using primers and hybridization conditions that cause 
amplification to be specffic for human polynudeoUdes. according to published sequence data. 

Suitability can also be determined by assessing the degree of cardiac recuperation that ensues from 
treatment with a cell population of pPSkterived cardiomyocytes. A number of animal models are available for 
such testing. For example, hearts can be ciyoinjured by placing a precooled aluminum rod In contact with the 
surface of tiie anterior left ventiicte wall (IWIurry et at. J. CBn. Invest 98:2209. 1 996; Reinecke et al.. Circulation 
20 100:193. 1999; U.S. Patent 6.099.832). In larger animals, cryoinjury can be Inflicted by placing a 30-50 mm 
copper disk probe cooled in Rquid on Uie anterior wall of the left ventricle for -20 min (Chiu et al.. Ann. 
Thotac. Surg. 60:12. 1995). Infraction can be induced by ligaUng the left main coronary artery (U et al. J. ain. 
invest 100:1991. 1997). Injured sites are treated with eel preparations of tills invention, and ttie heart tissue 
is examined by histotogy for Uie presence of ttie cells in the damaged area. Cardiac functton can be monitored 
25 by detemiining such paramelere as left ventricular end-diastolte pressure, developed pressure, rate of 
pressure rise, and rate of pressure decay. 

After adequate testing, differentiated cells of this invention can be used for tissue reconsUtuUon or 
regeneration in a human patient or ottier subject in need of such treatment The ceils are administered in a 
manner ttiat permits Uiem to graft or migrate to the intended tissue site and reconstitute or regenerate tiie 
30 functionally deficient area. Special devfces are available that are adapted for administering cells capable of 
reconstituting cardiac function direcUy to ttie chambera of ttie heart, the pericardium, or the interior of the 
cardiac muscle at the desired kxsation. 

Medical inrficaUons for such treatment include treatment of acute and chronic heart conditions of 
various kinds, such as coronary heart disease, cardiomyopatiiy. endocarditis, congenital cardiovascular 
35 defects, and congestive heart failure. Efficacy of treatment can be monitored by cfinteally accepted criteria, 
such as reduction In area occn)ied by scar tissue or revascularization of scar tissue, and in the frequency and 
severity of angina; or an improvement in developed pressure, systolte pressure, end diasloBc pressure. 
Apressure/Atime. patient mobility, and quality of life. 

The cardiomyocytes of tills invention can be supplied In \he fomi of a phamiaoeuUcal composition, 
40 comprising an Isotonic excipient prepared under sufficienUy sterile conditions for human administration. For 
general principles In medicinal formulation, ttie reader is referred to Cell Therapy. Stem Cell Transplantation. 
Gene Therapy, and Cellular Immunotherapy, by G. Morstyn & W. Sheridan eds. Cambridge University Press. 
* 1996; and Hematopoietic Stem Cell Therapy. E.D. Ball. J. Uster & P. Uw. Churchni Livingstone. 2000. Chokse 
of Uie cellular excipient and any accompanying elements of ttie composition will be adapted In accordance wtth 
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the route and device used for administration. The composition may also comprise or be accompanied with 
one or more other Ingredients that facilitate the engraftment or funcUonal mobilization of the cardiomyocytes. 
Suitable Ingredients include matrix proteins thai support or promote adhesion of the cardiomyocytes, or 
complementary cell types, especially endothelial cells. 

The composiUon may optionally be packaged In a suitable container with written instructions for a 
desired purpose, such as the reconstitution of cardiomyocyte cell function to Improve some abnormality of the 
cardiac muscle. 

The following examples are provided as furmer non-limiting illustrations of 
particular errd>odlments of the Invention, 



Examples 



Example 1 : Fftftdar-f ree or opaaation of embrvonic Stem cells 

Established lines of undifferentiated human embryonic stem (hES) cells were maintained In a culture 
environment essentially free of feeder cells. 

Feeder-free cultures were maintained using conditioned medium prepared using primary mouse 
embryonic fibroblasts Isolated according to standard procedures (WO 01/51616). Rbroblasls were harvested 
from T150 flasks by washing once with Ca**/Mg** free PBS and Incubating In 1.5-2 mL trypsln/EDTA (Qlbco) 
for -5 min. After the fibroblasts detached from the flask, they were collected in mEF media (DMEM + 10% 
FBS). The ceils were irradiated at 4000 rad. counted and seeded at -.55,000 cells cm"^ In mEF medium 
(525,000 cells/well of a 6 well plate). 

After at least 4 h. the medium were exchanged with SR containing ES medium (60% knockout DMEM 
(Qlbco BRL, Rockvllle MD). 20% knockout serum replacement (Gibco), 1% Non-essential amino adds (GIbco), 
1 mM L-glutamlne (GIbco). 0.1 mM p-mercaptoethanol (Sigma, St. Louis, MO), supplemented with 4 ng/mL 
recombinant human basic fibroblast growth factor (bFGF; GIbco). About 0.3-0.4 mL of medium was 
conditioned per cm^ of plate surface area. Before addition to the hES cultures, the conditioned medium was 
supplemented with 4 ng/inL of human bFGF. 

Plates for culturing the hES cells were coated with MatrlgeKB) (Becton-Dtekinson. Bedford MA) by 
diluting stock solution -1 :30 in cold KO DMEM. dispensing at 0.75-1 .0 mL per 9.6 cm^ well, and incubating for 
1-4 h at room temp or overnight at 4**C. 

hES cultures were passaged by Incubation In -200 U/mL collagenase IV for about 5'-10 minutes at 
37«C. Cells were harvested by scraping followed by gentle dissociation Into small clusters In conditioned 
medium, and then seeded onto MatrigeKg) coated plates. About one week after seeding the cultures became 
confluent and could be passaged. Cultures maintained under these conditions for over 180 days conUnued to 
display ES-like morphology. 

Immunocytochemistry was performed by Incubating samples with prirnary antibody for SSEA-4 (1 :20), 
Tra-1-60 (1:40) and Tia-l-SI (1:80), dfluted In knockout DMEM at 37*0 for 30 min. The cells were washed 
with warm knockout DMEM and fixed in 2% parafonnaldehyde for 15 min. and then washed with PBS. The 
cells were Incubated with 5% goat serum in PBS at room temp for 30 min, followed by ttie FITC-conjugated 
goat anti-mouse IgQ (1 : 125) (Sigma) for 30 min. Cells were washed, stained with DAPI and mounted. 

Cells were also examined for expression of alkaline phosphatase, a maricer for undifferentiated ES 
cells. This was performed by cultuiing the cells on chamber slides, fixing with 4 % paraformaldehyde for 15 
min. and then washing with PBS. Ceils were then incubated with alkaline phosphatase substrate (Vector 
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Laboratories, Inc.. Buriingame. CA) at room temperature in the dark for 1 h. Slides were rinsed for 2-5 min in 
100% ethanol before mounting. 

Figure 1 shows marker expression on the hES cells detected by histochemistry. SSEA-4, Tra-1-60. 
Tra-1-81, and alkaline phosphatase were expressed by the hES colonies, as seen for the oelis on feeders — 
but not by the differentiated cells in between the colonies. 

Expresston of the undifferentiated hES cell markers was assayed by reverse-transcriplase PGR 
amplification. For radioactiye relative quantification of individual gene products. QuantumRNA™ AltemateISS 
Internal Standard primers (Ambion. Austin TX. USA) were employed according to the manufacturer's 
instructions. Briefly.' the linear range of amplification of a particular primer pair was detemiined. then 
coampllfled with the appropriate mixture of altemateISS primersrcompetimers to yiekJ PGR products with 
coinciding linear ranges. Before addition of AmpliTaqTM (Roche) to PGR reactions, the enzyme was pre- 
Incubated with tiie TaqStartTw antibody (ProMega) according to manufacturer's instructions. Radioactive PGR 
reactions were analyzed on 5% non-denaturing polyacrylamide gels, dried, and exposed to phosphoimage 
screens (Molecular Dynamics) for 1 hour. Screens were scanned with a Molecular Dynamics Storm 860 and 
15 band intensities were quantified using ImageQuant™ software. Results are expressed as the ratio of 
radioactivity Incorporated into tiie hTERT or Oct-4 band, standardized to the radioactivity incorporated into tiie 
18s band. Primer sequences used in tiiis experiment can be found in International patent publication 
WO 01/51616. 

The transcription factor Ocl-4 is nomrtally expressed in the undifferentiated hES ceils and is down- 
20 regulated upon differentiation. Gells maintained on f^trigel® in conditioned medium expressed hTERT and 
Oct-4. Telomerase activity was measured by TRAP assay (lOm et al.. Science 266-.2011, 1997; Weinrich et 
al., Nature Genetics 17:498, 1997). Cells maintained in the feeder-free culture environment showed positive 
telomerase activity after over 1 80 days In culture. 

Pluripotency of the undifferentiated cells cultured w'rthout feeders was determined by forming 
25 embryoid bodies in suspension culture for 4 days, and ttien culluring on poly-omitiiine coated plates for 7 
days. Immunocytochemistry showed staining patterns consistent wtth cells of the neuron and cardiomyocyte 
lineages, and cells staining for a-fetoprotein. a maricer of endoderm lineage. The undifferentiated cells were 
also tested for their abflity to form teratomas by intramuscular injection into SGID mice. Resulting tumora were 
excised after 78-84 days. Cell types from all three germ layers were Identified by histological analysis. 

30 

Example 2: Differentiation of hE S cells to cardiomvocvtes 

hES cell lines, HI. H7. H9, and H9.2 {a cloned line derived from H9) were initially maintained on 
feeder cells and later under feeder-free conditions, as In Bcample 1. Cultures were passaged weekly by 
incubation in 200 U/mL coliagenase IV for -5-10 minutes at 37°C, dissociated, and then seeded at a 1 :3 to 1 :6 

35 ratio, -90,000-170,000 cells/cm^, onto MatrigeKSMJoated plates and maintained in medium conditioned by 
primary mouse embryonte fibroblasts. 

Figure 2 (Upper Panel) shows the scheme for differentiating hES cells into cardtomyocytes. 
Differentiation was Initiated by culturing hES cells In suspension to form embryoid bodies. hES cells were 
dissociated into small clumps by incubating in Img/rnI coliagenase IV at ZTC for -5-10 min, and ttien cultured 

40 in suspension in differentiation medium to form aggregates. The differentiation medium contained 80% 
knockout Dulbecco's modified Eagle's medium (KO-DMEM) (Gibco BRL, Rockville. MD), 1 mM L-glutamine, 
0.1 mM p-mercaptoethanol and 1% nonessential amino acids stock (GIbco BRL, Rockville, MD), supplemented 
witii 20% fetal bovine semm. 



21 
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After 4 days In suspension culture, embryoid bodies were transferred to gelatin-coated plates or 
chamber slides. THe EBs attached to the surface after seeding, proBfeialed and differenUaled Into a 
heterogeneous cell population. Spontaneously contracting cells were obsewed tn various regions of the 

culture at dUfsrentiatlon day 8. 

Figui« 2 (Lower Panel) shows that as cells continue to differentiate, the proportion of plated embryoid 
bodies containing beaUng cells Increases. ContracUng cells could be found in the long-tem> cultures as late as 
day 32. 

Beating cardlomyocytes were Isdatsd from EB outgrowth mechanically at differentiation day 11-14, 
coneded Into a 1 S-mL lube containing the k«K«lclum medium or PBS. and then washed. Different agents 
were tested for their ability to generate singlfrceil suspensions of viable cardlomyocytes. including tiypsin. 
EDTA. collagenase iV or collagenase B. Viable contracting single cardlomyocytes were obtained using ceHs 
incubated in collagenase B solution at 2,rC for 60-120 min depending on the collagenase activity. Cells were 
then resuspended In KB medium (85 mM KQ. 30 mM KaHPO*. 5 mM MgSO«, 1 mM EQTA. 5 mM creatine, 
20 mM glucose. 2 mM NaaATP. 5 mM pynwate, and 20 mM taurine, buffered to pH 7.2) (Maltsev et al.. CIrc. 
15 Res. 75:233. 1994). The cells are incubated in the medium at 37°C for 15-30 min. dissociated, and then 
seeded into chamber slides and cultured in differentiation medium. Upon subculture, single cardlomyocytes 
sunrived and continued to beat 

All hES cell lines tested. Including H1 , H7, H9, H9.1 , and H9.2, have the potential to generate beating 
caidlomyocytes, even after being maintained for over 50 passages (-260 population doublings). 

20 

Fxnmtila 3: Characterization of c ardiomvocvtes 

hES-derived cells prepared as In Example 2 were analyzed for the presence of phenotypic markera 
characteristic of cardlomyocytes. 

Immunostaining of EB outgrowth cultures or dissociated oardtomvoqrtes was perfonned as follows. 

25 DHIerenBated cultures were fixed In methanol/acetone (3:1) at -20»C for 20 min. Cells were then washed 2 x 
with PBS. blocked with 5% nomial goat sewm (NGS) in PBS at 4'C overnight, followed by incubation at RT for 
2 h with primary antibody diluted 1 :20 to 1 .800 in primary antibody diluting buffer (Blomeda Corp.. Foster City 
CA) or 1% NGS In PBS. After washing, cells were Incubated with fte conresponding FITC or Texas Red«- 
conjugated secondary antibody dttuted In 1% NGS in PBS at RT for 30-60 min. Cells were washed again. 

30 stained with DAPI and mounted with Vectashield™ (Vector Uboratories Inc.. Buriingame CA). 
Photomicroscopy was performed on a Nikon labphot^«« equipped wtth epifiuorescence and a SPOT CCD 
cooled camera. 

IndMdual contracting foci in differenUated cultures of H9.2 cells were photographed at day 15 to 
35 record the contracting areas before the culture was fixed. The culture was then stained for cardiac troponin I 
(cTnl). and matched to the light micrographs to detennlne the percentage of contracting areas that were 
positive for cTnl staining. 100% of the contracUng areas stained posithw for cTnl. while there was almost no 
staining observed in non-beating cells. 

Western blotting for cTnl expresston was conducted as follows. Undfferentiated ceils and 
40 differentiated cells were dissolved in lysis buffer, separated by 10% SDS-PAGE and then transferred onto 
nitrocellulose membranes (Schleicher & Schuell). The membranes were bkxsked with 5% non-fat dry mlBc In 
PBS supplemented with 0.05% Tween^w 20 {fBSX) at RT for 1 h and Incubated with monoclonal antibody 
against cTnl diluted 12000 with 1% non-fat dry milk in PBST at 4«C overnight. The blots were then incubated 
with horse anti-mouse IgG (HtL) antibody corrugated with horseradish peroxidase (Vector l^oratories Inc., 
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Burfingame CA) diluted 1 :8000 with 1 % non-fat dry mlik in PBST at RT for 1 ^ h. Signals for the binding of the 
antibody wer© detected by SuperSignal™ West Pico chemilumlnescence system (Pierce, Rocldord, IN). As a 
control, ^actin was probed on the same blot as foliows: The blot was washed in PBS after the first ECL 
detection, exposed to the Vector^-SG substrate for about 5 min (Vector Laboratories Inc., Burfingame, CA) 
and then reprobed with monoclonal antibody against p-actin (Sigma). 

Rgure 3 (Upper Panel) shows the results of Western blot analysis. There is a band at -^1 i<Da 
(corresponding in size to human cTnl) for wells containing contracting cells (lane 2 and 3) but not for 
undifferentiated hES cells (lane 1) or wells containing no contracting cells (lane 4). Ail lanes stained for the 
presence of p-actin (a standard for protein recovery). 

Real time reverse transcription PGR was perfomied with LightCycler. For relative quantification of 
amc, RNA samples and primers were mixed with RT-PCR reaction mixture (UghtCycler RNA Amplification 
Kit-Hybridization Probes. Roche Molecular Biochemicals) following tiie kit directions. The reaction condittons 
are following: RT at 55**C for 10 min; denaturation at 95«C for 30 sec; ampliftoation for 45 cycles at 95"C for 0 
sec, 60"C for 15 sec and 72»C for 13 sec. The reactions were analyzed using UghtCycler 3 program. Relative 
MHC levels were represented as ratio of MHC and 28S from triplicate reactions for each sample. 

Figure 3 (Lower Panel) shows tiie results. The level of oMHC increased signlficantiy after day 7 of 
differentiation, but was undetectable In undifferentiated hES cells or earty stages of differentiated ceils. The 
expression levels continued to increase at later times. In parallel wlUi the appearance of beating cells. The 
expression of hTERT was found to decrease durkig differentiation. 

Collagenase B was used to dissociate hES-derived cardiomyocytes into single ceDs as described in 
Example 2. The dissociated cardiomyocytes were examined for expression of sarcomeric myosin heavy chain 
(MHC), titin, tropomyosin, ct-acUnin, desmln. cTnl and cardiac troponin T (cTnT). 

Figure 4 shows tiie results. Single cells and clusters stained positive for all Uiese mariners. The 
stained single carcliomyocytes were spindle, round and tri- or multi-angular shaped. The striations 
characteristic of the sarcomeric structures Is also seen, consistent with tt>e contractile apparatus necessary for 
muscle function. 

GATA-4 Is a transcription factor that Is highly expressed In cardiac mesodemn. Strong GATA-4 
immunoreactivity was observed in all nuclei of cTnl-positive cells. Western blots Indicate tiiat QATA-4 was 
strongly expressed In differentiated hES cells containing contracting cells (Rgure 1, lane 2 and 3) but was not 
detectable in differentiated culture witii no evidence of contracting cells (Rgure 1 , lane 4). A weak signal was 
also detected In undifferentiated cells (lane 1). This may be due to spontaneous differentiation to visceral 
endoderm, whfch also expresses GATA-4. or to low-level expression of GATA-4 by tiie undifferentiated cells 
tiiemselves. 

The MEF2 cardiac transcription factors were detected by immunocytochemistry in all nuclei of ttie 
cTnl-posltive cells. A semkjuantitaUve RT-PCR for ttie cardiac transcription factor Nkx2.5 pCu et al., Dev Biol, 
196:237, 1998) Indicated Uiat It was highly expressed in cultures containing beating cardiomyocytes, but 
undetectable in undifferentiated cells. Positive signals for adhesion maricer N-cadherin and gap junction 
mariner connexin 43 were detected in between cardiac cells identified by cTnl or MHC expression, but not in 
surrounding non-cardiac cells. In addition, we stained tiie partially dissociated cells with antibody against pi- 
adrenoceptor (pi-AR) and cTnl. Specific staining of surface marirere indicates that the cells can be furttier 
enriched by a sorting technique based on these maricers. 
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Creatine kinase MB (CK-MB) and myoglobin were also detected by Immunostalning of the hES- 
derived cardiomyocytes, costalning with MHC. CK-MB is thought to be responsible for high-energy storage, 
and is mostly restricted to cells of the myocyte lineage. Myoglobin Is a cytosollc oxygen binding protein 
responsible for storage and diffusion of O2 within myocytes. Both CK-MB and myoglobin are commonly used 
to diagnose acute myocardial Infarction. Strong immunoreacUvity for pi-adrenooeptor (pl-AR) was obsenred 
on cTnl-positive cells. 

Atrial natriuretic factor (ANF=) was upregulated during cardiac differenliallon of hES cells as detected 
by a semiquantitative FTT-PCR. 18% of the cTnl positive cells double-stained for Kl-67 — a protein present In 
actively dividing cells but not in resting GO ceils — showing that the cells still have the capacity to proliferate. 

Taken together, these data Indicate that hES-derlved cardiomyocytes have appropriate gene 
expression patterns consistent with the phenotype of eariy stage (fetal) cardiomyocytes. 

Example 4: Enri chment of carrilomvocvtes bv densitv centrif uqation 

Cardiomyocytes were further enriched by density separation on a discontinuous gradient of Perooll^ 
(a density separation medium comprising colloidal PVP-coated silica). Cardiomyocytes were generated by 
induction of hES differentiation in suspension for 4 days and further differentiated on gelatin-coated plates for 
15 days. The cells were dissociated with collagenase B at 37*C for 2 hr. Cells were washed and resuspended 
In tiie differentiation medium. After setUing for 5 min, the cell suspension was k>aded onto a layer of 40.5% 
Percoll™ (Phamiacia) (-1.05 g/mL) overtop of a layer of 58.5% Perooll™ (-1.075 g/mL). The cells were ttien 
centrifuged at 1500 g for 30 min. After centrif ugation. cells on top of tiie Percoll™ (fraction I) and a layer of 
cells in tiie interface of two layers of Percoir" (fraction II) were collected The collected cells were washed, 
resuspended In the differentiation medium, and seeded at 10^ per well into chamber stides. 

After one week, celts were fixed and stained for expression of myosin heavy chain (MHC) (Example 
3). Percentage of MHC positive cells was determined by counting cells in 30 Images from triplicate wells for 
each fraction and presented as mean ± standard deviation of cells from 3 wells). Beating cells were observed 
in botii fractions, but fraction II contained more. Results are shown in Table 1. The enrichment attained In 
Fraction II was at least '-20-fold higher tiian the starting cell population. 



TABl£ 1 : PercolF" Separation of hES-derived Cardiomyocytes 


Fraction 


Cell Count 


Proliferation Beating Cells 


% staining for 
MHC 


1 


1.92x10® 


+++ + 


2.7 ±3.3% 


II 


0.56x10® 


+ ++ 


26.8 ±4.1% 



Example 5: Pharmacdoalc al responses 

The function of hES-derived cardiomyocytes was tested by determining whettier the cardiomyocytes 
respond appropriately to tiie chronotropic effects of cardioactive drugs. 
Studies of pharmacological response 

EBs were plated on to gelatin-coated 24-well plates and allowed to differentiate, as in Example 2. 
Contracting cardiomyocytes at differentiation day 15-21 were used for examining phannacological response. 
The frequency of the spontaneous beating was measured by counting the contraction rate of tiie beating areas 
maintained in ttie differentiation medium In a 3rC heating chamber of an Inverted microscope. The cells were 
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then Incubated with test compounds in lhe incubator for 20-30 min. and observed for contraction rale. Dose- 
dependent effects were determined by cumulatively applying of increasing concentrations of each substrate. 
Data represent the mean pulsation rate ±standard error of the mean measured on 10-20 beating areas. 

To demonstrate these cells express functional L-type calcium channel that plays a critical role in 
cardiac contractile function, we examined the effect of the L-type calcium channel blocker diWazem on the 
beating of hES-derived cardiomyocytes. Differentiated cells were incubated with various concentrations of the 
dmg and the number of beats per minute was counted. The cells were tiien washed with medium, maintained 
in differentiation medium for 24 h and observed for the Ume taken to recover contractility. 

Rgure 5 (Panel A) shows that the beating rate was inhibited by diltazem In a ooncwitration- 
dependent manner. When cells were treated with 10"^ M dilliazem, 100% of the beating areas slopped 
contraction. The contraction recovered to normal levels 24-48 h after removal of the drugs. Each data point 
represents the mean ± standard error of the mean pulsation rate. Statistical signlfteance was tested by the 
Fisher's PLSD test: * p< .05, ** p<.005, p<.0005. This obsewation shows that the hES^Jerived cardiomyo- 
cytes have functional L-type calcium diannels. In a separate e)(periment. denbuterol was found to increase 
15 the beating rate for cells taken al Day 72 from about 72 beata/min to about 98 beata/min (1-10 nH4, p< .005). 

Panels B and C show that there are positive chronotropic effects Induced by isoprenaline (a 
p-adrenoceptor agonist) and phenylephrine (an a-adrenoceptor agonist). Panels D and E show that the 
phosphodiesterase inhibitor IBMX and the p2-adrenoceptor agonist denbuterol have a similar effect Thus, the 
hES cell derived cells respond to cardioactive drugs In a manner appropriate for cells of the cardiomyocyte 
20 lineage. 

^ ^mple 6: Cardiotropic factors as differe ntiation induction agents 

hES cells of ttie HI or H9 line being cultured as embryoid bodies were treated at differentiation day 
M. 4-6 or 6-8 with 5-aza-deoxy-cytkline, a cytoslne analog that affects DNA methylatlon. thereby activating 
25 gene expression. Cells were hawested al day 15, and analyzed for cardiac a-MHC by real-time RT-PCR. 

The RT-PCR assay from Example 3 was adapted for the Taqman^ 7700 sequence detection system 
using the same primere, amplifying for 40 cycles at 95°C for 15 sec and 60«C for 1 min. 18S ribosomal RISIA 
was amplified for a control using a kit for Taqman™ ribosomal RNA control reagents (Applied Blosyslems). 
Reactions were analyzed by ABI Prism™ 7700 Sequence Detection system. 
30 Figure 6 shows the results of using 5-aza-deoxy-cylldine as a differentiation induction agent (mean 

± S.D.. ratio of aMHC to 18S RNA for determinations in triplicate). The data show Uiat 1 to 10 pM of 5-aza- 
deoxy-cytidine at day 6-8 significantly increased the expression of cardiac a-MHC, conrelating witii an 
increased proportion of beating areas in the culture. 

Other reagents examined for an ability to Induce cardiomyocyte differentiation included dimethyl 
35 sulfoxide (DMSO) and all-trans retinolc acid (RA). Embryoid bodies treated witii 0.5% DMSG from days 0-4 
produced fewer beating areas tiian non-tieated cultures. Beating cells were absent from cultures treated witii 
0.8% or 1% DMSO. and 1 .6% DMSO was actually toxic to tfie cells. DMSO treatment also caused signiffeant 
reduction in a-MHC expresston. compared witti untreated cultures. 

Retinoic add was applied to differentiating hES cultures at doses between 10*® and 10*^ M. At day 
40 0-4. the RA was toxfe to tiie cells, while at days 4^, 8-15. or 4-15, ttiere was no Increase in beating cells 
compared witii untreated cultures. 

Thus, 5-aza-deoxy-cytidine was an effective cardiomyocyte differentiation inducer, Increasing the 
proportion of cardiomyocyte cells in the populalton. in contrast, DMSO and retinoic add inhibit cardiomyocyte 
differentiation, even ttiough tfiese compounds generate cardiomyoQrtes from embryonte cardnoma or 

25 
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embryonic stem cells (Wobus el al., J. Mol. Cell Cardicrt. 29:1S25, 1997; McBumey el al. Nature 299:165, 
1982). 

CareDomyocyte differentiation was also achieved In a direct differentiation paradigm. Undifferentiated 
hES cells of the H7 line were dissociated and plated directly onto gelatin-coated plates without going through 
5 an embryoid body stage. The plated cells were cultured In differentiation medium (80% KO-DMEM, 1 mM 
L-glulamlne. 0.1 mM p-mercaptoethanol, 1% amino adds, and 20% fetal bovine seium). Contracting 
cardlomyocytes were found at day 18 In cultures treated with 10 pM S-aza-deoxy-cytidine al day 10-12 or 
12-14, and al later limes In all cultures. 

10 Example 7: Effective combinations of c ardiotropic factors 

This example Is an Investigation of combined effects of added growth factors and S-aza-deoxy- 
cytidine to Influence cardiomyocyte differentiation of human ES cells. 

The human ES cell line designated HI routinely yields fewer beating cardlomyocytes than tiie H7 or 
H9 lines after the standard embryoid body protocol. In order to increase the yield of cardiomyocyles. a series 
15 of growth factors as well as S-aza^eoxy-cytidlne were added to differentiating HI cultures. 

The rationale was as follows. Group I factors were selected as being able to supply functions of Uie 
hypoblast dunng Initial commitment. Group II factors were selected as able to supply functions of endodemfi 
during subsequent development in combination wtth Group 1 factors. Group III factors were selected as 
survival factors for cardlomyocytes in extended culture. A typical working concentration was defined as 
20 "medium" level, with 4-fold lower and 4-fold higher levels defined as low" and "high" levels. The 
concentrations are shown below: 
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TABLE 2: Exemplary Cardiotroplg Factors 



Growth Fac^ 


Low 


Mpfiium 


High 


concentiatlon. 


concentration. 


concentiatlon. 


Group 1 








Actlvin A 


6^5 ng/mL 


25 ng/mL 


100 ngM. 


TGFpi 


2.5 ng/mL 


10 ng/mL 


40 ng/mL 


IGF II 


6.25 nM 


25 nM 


100 nM 


Group II 








BMP 4 


1.25 ng/mL 


5 ng/mL 


20 ng/mL 


FGF4 


12.5 ng/mL 


50 ng/mL 


200 ngM. 


Insulin 


6.25 ng/mL 


25 ng/mL 


lOOng^L 


bFGF 


12.5 ng/mL 


50 ng/mL 


200ng/lmL 


PDGF-BB 


12.5 ng/mL 


50 ng/mL 


200ngAnL 


S-aza-deoxy^cytidine 


10 MM 


10 (iM 


10»iM 


^2i^Aiin III 

uroup III 








IGFI 


6.25 nM 


25 nM 


100 nM 


IGF II 


6.25 nM 


25 nM 


100 nM 


UF 


5ngAnL 


20 ng/mL 


80 ng/mL 


EGF 


6.25 ng/mL 


25 ng/mL 


lOOngAnL 


PDGF-BB 


0.9 ng/mL 


3.6 ng/mL 


14.4ngAnL 


bFGF 


2.5 ng/mL 


10 ng/mL 


40 ng/mL 


Insulin 


6.25 nM 


25 nM 


100 nM 



Figure 7 (Upper Panel) shows the scheme for use of these factors. HI cells at passage 48 were 
used to generate embryold bodies by collagenase treatment followed by mechanically dislodging the cells from 
5 the dish by scraping with a 5 mL pipeL The contents of one 10 cm^ well of ceils was transferred to a single 
1 0 cm^ well of a low adherence plate and cultured in 4 ml of DMEM plus 20% FBS in the presence or absence 
of additional factors for 4 days. At the end of day 4. each suspension of embryold bodies was divided Into 2 
allquots plated in 2 weMs of a gelatin-coated adherent 6 well tissue culture plate (lOcm^/well). The adherent 
embryold bodies and their outgrowths were cultured in 4 mL of DMEM plus 20% FBS in the presence or 
10 absence of additional factors for 1 1 days, after which the number of beating regions in each well was obsen^ed 
by light microscopy, and RNA was harvested from each well for subsequent quantitative PGR analysis. 

Group I factors were added on dayO, (the day on which undifferentiated cells were transferred to 
suspension culture to generate embryoid bodies) and were present continuously until day 8 (4 days after tfie 
embryold bodies were plated In gelatin-coated wells). Group II factors were added on day 4 (at tiie time of 
15 plating) and were present continuously until day 8. Group III factors were added on day 8 and were present 
continuously until Uie end of the experiment (day 15). A subset of cultures was exposed to 5-aza-deaxy- 
cytidine for 48 hrs (day 6-8). Cultures were re-fed with fresh media plus or minus factors on days 6, 8, 1 1 , and 
13. 

It was observed that virfiile no beating regions were observed in the control cultures (those maintained 
20 in the absence of supplementary factors/5-aza-deoxy-<:ytidine) or those maintained in tiie presence of the 

2Z 
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growth factora In the absence of 5-aza<leoxy-cytldlne, beating areas were observed in all wells receiving the 
combination of growth factors plus S-aza-deoxy-cytldine. 

Figure 7 (Lower Panel) shows quantllaUve PCR analysis (Taqman^) for expression of the cardiac 
gene a myosin heavy chain (oMHC), relatWe to the level in normal heart RNA. The level of expression was 
slgnmcantly higher In cells exposed to growth factors (GF) plus 5-aza-deoxy-cytid!ne. The lowest 
concentrations tested were sufficient to achieve higher aMHC expression (30-fold higher than the levels seen 
in control. 

These results were elaborated In a subsequent experiment. HI cells (passage 38) were cultured as 
before, except that: a) only the lowest concentrations of factora used in the previous experiment were 
employed; and b) In one set of samples, the Group III treatment was omitted. Level of martcer expression was 
then determined in real-time PCR assay relative to undifferentiated cells. 

Rgure 8 shows that omission of Group III from the protocol led to a further 3-fold Increase in the 
amount of oMHC mRNA expression. Increases in the expression of the earty cardiomyocyte-assoclated gene 
GATA-4 were also detected. In contrast, the endoderm-assodaled gene HNF3b Is not specifically induced 
under these conditions. The effect on a-MHC and GATA-4 was selective, in comparison with the endodemv- 
associated gene HNF3b, which increased using any growth factor combination, but not with S-aza-demq^- 
cytidine. 

These results demonstrate that factors within Groups I and II enhance the proportion of cells bearing 
characteristic features of cardiomyocytes. 

Example 8: Culturino in a medium containinQ enrichment aoents 

The H9 line of hES cells were differentiated by forming embryoid bodies in suspension for 5 days, and 
then further differentiating on Matrigel® coated plates for 12 days in differentiation medium. The cells were 
dissociated using a solution containing 200 UAnL Collagenase II (Worlhlngton), 0.2% trypsin (In/lne Sdenlific) 
and 0.02% glucose In PBS. They were plated onto MatrigeKS) coated plates in differentiation medium, and 
cultured for a further 1 4 days. 

The cells were then switched to "CCT" medium containing 10*^ M insulin (Sigma), 0.2% bovine 
albumin (Sigma), 5mM creatine (Sigma), 2mM carnitine (Sigma), and 5ml^ taurine (Sigma) in Qibco® 
medium 199. See Vote et al, J. 1^1. Cell CarcDd. 23:161, 1991; and U et al.. J. TIss. Cult f^lh. 15:147, 1993. 
For comparison, control cultures were maintained In standard differentiation medium containing 20% FBS. 

Figure 9 shows the number of beating areas after switching to CCT medium (separate lines show 
observations made for Individual wells followed separately during the course of the study). Cells grown in CCT 
medium showed an increase in the number of beating areas after 7 to 14 days. This shows that the agents 
creatine, carnitine, and taurine act separately or In combination to enrich tiie proportion of cardiomyocyle 
lineage cells in tiie culture. 
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Example 9: Fpuf-Phase c aptrituoaUon yffwratlon method 

Cadiomyocytes were generated from hE8 cells of the H7 line by forming embryoW bodies for 4 days, 
and then proliferating on gelatin-coaled plates for 17 days (S-aza-deoxy^ytldlne and growth factors were nol 
used). The cells were then dissociated using collagenase B, resuspended in differentiation medium, and 
allowed to settle. The cell suspension was then layered onto a dIsconUnuous gradient of Percoll««, and 
centrifugedat1500gfor30min. Fbur fracUons were collected: I. The upper interlace; II. The 40.5% layer. 
Ill The lower Interface; IV. The 58.5% layer. The eella were washed and resuspended in differentiation 
medium. Cells for immunoslalning were seeded into chamber slides at 10* cells per well, cultured for 2 or 7. 
and then fixed and stained. 

Results are shown in Table 3. Percentage of MHC positive cells was delemrtned by counting cells in 
30 images from triplicate wells for each fiacUon and presented as mean ± standard deviation of cells from 3 
walls. 



TABLE 3: PercdP* Separation 



% staining for 



Fraction 


Ceil Count 


Beating Cells 


MHC 
Day 2 


Day7 


Before separation 




+ 


17 ±4.4% 


15 ±4% 


1 


9.0x10® 


± 


2.6 ±0.5% 


2.5 ±3.0% 


. II 


1.6x10^ 


+ 


4.5 ±1.5% 


2.4 ±0.9% 


111 


4.0x10® 


++ 


35.7 ±2.7% 


28.3 ±9.4% 


IV 


1.3x10® 


+++ 


69. ±5.0% 


52.2 ±14.5% 



Beating cells were obsenred in all fracUons. but FracUons III and IV contained the highest percentage. 

Figure 10 shows the results of a similar procedure was carried out with hES cells of the HI line. The 
cells were separated using PercoiP- on differentiation day 22. levels of cardiac MHC detected by real time 
RT-PCR analysis were significantly higher than cells before separation. The data show that FracUons III and 
IV have the highest level of MHC expression, as a propoiUon of total transcrtpUon using 18S RNA as a 
standard. 

Phenotype of the cells as determined by indirect immunocytochemlstiy is shown in Table 4. 
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TABLE 4: Characteristics of Separated Cell Populations 



Epitope Cardlomyocyte lineage Non<ard!ac cells 

cTnl ++ 

carcHao-spedflc o/p MHC ++ 

carcPacpMHC ++ 

sarcomeric MHC ++ "* 

r4-cadherin ++ * 

smooth muscle aclin ++ 

myogenin "* ~ 

a-fetoproteh - " 

p-tubulln III 

1^67 subset subset 

gy^U subset subset 
SSEAr4 

TrfiHl-^1 - " 



Cardiomyocyte populations separated by density gradient centrifugation could be disUnguished by staining for 
cTnl and MHC. Absence of staining for myogenin. a-fetoprolein. or p-tubulln III showed the absence of 
5 skeletal muscle, endodemi cell types, and neurons. Lack of staining for SSEA^ and Tra-1-81 confirms the 
absence of undifferentiated hES cells. 

a-Smooth muscle actin (SMA) Is reportedly present In embryonic and fetal cardlomyocytes. but not 
adult cardiomyocytes (Leor et al.. Circulation 97:11332, 1996; Etzlon et al., Mol. Cell Cardiol. 33:1321. 2001). 
Virtually all cTnl-posltlve cells and a subset of cTnl negative cells obtained in the cardiomyocyte differentiation 
10 protocol were positive for SMA, suggesting that they may be at an early stage and capable of proliferation. 

Cells In fraction III and IV were replated. cultured for an additional 2 days. 43 ±4% of the sMHC 
positive cells expressed BrdU. indicating that they were in the S phase of the cell cycle, in other e)cperiment8. 
a subset of cTnl-posilive cells were found to express Ki-67. These results show that about 20% or 40% of the 
cardiomyocytes in the population were undergoing active proliferatton. 



15 



77j© compositions and procedures provided in the description can to effectiveiy modified by those 
sidiled in the art without deparUng from the spirit of the invention embodied in the claims that follow. 
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CLAIMS 



What is claimed as the invention is: 

1. An Isolated ceil population characterized In that at least -6% of the cells in the population have the 
same genome as a line of primate pluripotent stem (pPS) cells; and express at least one of the 
following markers from an endogenous gene: 

caidiac troponin I (cTnl). cardiac troponin T (cTnT), or atrial natriuretic factor (ANF). 

2. An Isolated cell population characterized In that at least -5% of the cells in the population have the 
same genome as a line of primate pluripotent stem (pPS) cells; and have spontaneous periodic 
contractile activity. 

3. The cell population of either preceding claim, wherein at least -20% of the cells express at least three 
maricers selected from: 

cTnl, cTNT, sarcomeric myosin heavy chain (MHC), GATA-4. Nkx2.5. N^adherin. 
pi-adrenoceptor (pi-AR). I^EF.2A, MEF-2B. MEF.2C, MEF-2D. creatine kinase MB (CK-MB). 
myoglobin, and atrial natriurette factor (ANF). 

4. The eel! population of any preceding claim, wherein at least -60% of the proliferating cells express 
cardiao-spedfic myosin heavy chain. 

5. The cell populaUon of any preceding claim, which can proliferate In an in vitro culture while maintaining 
said characteristic. 

6. The cell population of any preceding claim, comprising cells genetically altered to express telomerase 
reverse transcriptase. 

7. A set of two cell populations, consisting of the cell population of any preceding claim, and the 
undifferentiated pPS cell line from which they were obtained. 

8. The cell population of claims 1 -6, which belongs to a set of cell populations according to claim 7. 

9. A method for producing the cell population(s) of any preceding claim, comprising differentiating pPS 
cells or their progeny in a suitable growth environment. 

10. A method of producing a cell composiUon containing primate cardiomyocytes or cardiomyocyte 
precursor cells, comprising: 

a) cuUuring pPS cells in an environment essentially free of feeder cells; 

b) causing the cultured cells to differentiate Into cardiomyocytes or cardiomyocyte precursor 

cells. 

11. The method of claims 9-1 0, comprising iniUating differenUation of .the pPS cells In suspension culture. 
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12. The method of claim 11. further comprising continuing the differentiation after plating aggregates 
formed in the suspension culture onto a suitable substrate. 

13. The method of claims 9-13. comprising differentiating pPS ceils In a growth envfronmenl comprising a 
cardiotropic factor. 

14. The method of claim 13, wherein the cardiotropic factor is nucleotide analog that affects DNA 
methytatlon. 

15. The method of claims 1 3-1 4, wherein the cardiotropic factor is 5-aza-deoxy-cytidine. 

16. The method of claims 9-15. comprising differentiating pPS cells in a growth environment comprising a 
morphogen and at least two growth factors. 

17. The method of claim 1 6. wherein the morphogen Is an activin, and the growth factors include an Insulin- 
like growth factor and a member of the TGFp family. 

18. The method of claims 9-17, further comprising physically separating cells expressing MHC or 
spontaneously contracting cells from other ceils in the population. 

19. The metiiod of claim 18, wherein the separating comprises distributing cells in the population according 
to their density, and collecting cells at a density between -1 .05 and -1 .075 g/mL 

20. The method of claims 9-19, further comprising culturing the cells for at least 1 week In a medium 
containing a compound capable of forming a high energy phosphate bond, an acyl group carrier 
molecule, and a cardlomyocyte calcium channel modulator. 

21. The method of claims 9-20, further comprising culturing the cells for at least 1 week in a medium 
containing creatine, carnitine, or taurine. 

22. A method of screening a compound for cardlomyocyte toxicity or modulation, comprising combining the 
compound wrth the cell population of claims 1-8, and detemi'ming any cardlomyocyte todcity or 
modulation resulting from the compound. 

23. The method of claim 22, comprising monitoring any effect of the compound on contraCtfle activity of 
cells In the population. 

24. A medicament comprising a cell population according to claims 1 -8 or a ceil population produced by the 
method of claims 9-21 and a pharmaceuttoal exdpient suitable for human administration. 

25. Use of cell population according to claims 1-8 or a cell population produced by the method of claims 
9-21 In tiie preparation of a medicament for treating a condition of the heart. 
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26. A product for treating a condition of the heart, comprising a cell population according to claims 1-8 or a 
cell population produced by the method of claims 9-21 in a device adapted to administer the cell 
population in or around the musculature of the heart. 

27. A method of reconstituting or supplementing contractile activity in cardiac tissue, comprising contacting 
the tissue with a ceil population according to claims 1-8 or a cell population produced by the method of 
ciaims9-21. 

28. A method of treating a heart condition in an individual, comprising administering to the individual the 
cell population according to claims 1-8 or a cell population produced by the mettiod of claims 9-21 . 

29. The product, method, or use of any preceding claim, wherein the pPS ceils have been isolated from a 
human blastocyst, or are the progeny of such cells. 

30. The product, method, or use of any preceding claim, wherein tiie pPS cells are human embiyonic stem 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 7 
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Figure 8f A) 
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Figure 8f B) 
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Figure 9 
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Figure 10 
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